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??????????????????????
@^(x; t)
@t
=
1
i
[^(x; t); H] = ^(x; t)
@2^(x; t)
@t2
=
@^(x; t)
@t
=  !20

^(x; t) + v	y(x; t)x	(x; t)

(2.7)
????????C*????????(2.6)?H???????????NESS????
???????????^(x)?C?????????????????????????
?????NESS????????????
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2.3 NESS??????????????
TLM?????????Hamiltonian??????????????????????
???????????NESS????Landauer??????TLM?????????
?????Hamiltonian?
H = HS +HB + V
HS =
X

f
y
f
HB =
X

Z
dk!ka
y
kak
V =
X
;
Z
dkukw

a
y
kf + (h:c:) (2.8)
????????????? ak???  = L;R??? k???????????f??
???????? ?????????????H ????????incoming eld k
? ak ; f???????????????kL??
kL = akL +
X

hkf +
Z
dk0
 
mkk0ak0L + n
k
k0ak0R

;
??????? [kL; H] = !kLkL????????????
kL = akL +
X

hkf +
Z
dk0
 uLk0 ALk
!kL   !k0L  i0 +
uRk0 A
R
k
!kL   !k0R  i0

; (2.9)
hk =
wL
!kL     i0fu
L
k + A
L
k
L
(!kL)g+
ARkw
R

!kL     i0A
R
k 
R
(!kL) ; (2.10)
?????????Ak =
P
w

 h
k
 ????(!); (!)??????????
(!) 
Z
dk0
juk0 j2
!   !k0L  i0 ; 

(!) 
Z
dk0
juk0 j2
!   !k0R  i0
(2.10)?Ak?????????
ALk = u
L
kSLL(!kL) + 
L
(!kL)SLL(!kL)A
L
k + 
R
(!kL)SRL(!kL)A
R
k ;
ARk = u
L
kSLR(!kL) + 
L
(!kL)SLR(!kL)A
L
k + 
R
(!kL)SRR(!kL)A
R
k ;
????????
S0(!) 
X

ww
0

!    +i0 ;
???????Ak??
ALk
ARk

=
uLk
(!)

SLL(!)  R(!)fSRR(!)SLL(!)  SRL(!)SLR(!)g
SLR(!)

!=!kL
;
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??????????
(!)  1  L(!)SLL(!)  R(!)SRR(!)
+L(!)
R
(!)fSLL(!)SRR(!)  SRL(!)SLR(!)g ;
??????????incoming eld kR?
kR = akR +
X

ehkf + Z dk0  uLk0 BLk!kR   !k0L  i0 + u
R
k0 B
R
k
!kR   !k0R  i0

; (2.11)
ehk = wL!kR     i0BLk L(!kR)g+ w
R

!kR     i0fu
R
k +B
R
k 
R
(!kR)g ;
???????????Bk???????????
BLk
BRk

=
uRk
(!)

SRL(!)
SRR(!)  L(!)fSRR(!)SLL(!)  SRL(!)SLR(!)g

!=!kR
???????????????????????????? eiHtake iHtei!kt ! k ,
(t!  1)??????(2.9)?(2.11)?????????? incoming eld???????
????????????????
eiHtakLe
 iHtei!kLt   kL
=
Z
dk0
uLk ALk0k0Le i(!k0L !kL)
!k0L   !kL  i0 +
uRk A
R
k0k0Re
 i(!k0R !kL)
!k0L   !kR  i0

;
???????? t !  1???????????????????? lim
t! 1
e ixt
x+ i0
= 0
????????????????????????????????????????
???? incoming eld??????????????????????????????
incoming eld?????NESS???????????Wick????????????
????????????????????????????????????????
?????????????????????(1.4)???
J  hJ^L!Ri = e
Z
dk
@
@t

aykLakL

= 2e
Z
dk
X

Im
h
uLkw
L
 haykLfi
i
= 2e
Z
dk

uLkA
L
k fL(!kL) + 
L
 (!kL)jALk j2fL(!kL) + L (!kR)jBLk j2fR(!kR)
	
?????????Im  (!) = 
Z
dk jukj2(!   !kL)?Im  (!) = 
Z
dk jukj2(!   !kR)
?????
hJ^L!Ri = 2e

Z
d!
Im L (!) Im 
R
 (!)
j (!)j2 jSRL(!)j
2 (fR(!)  fL(!)) ; (2.12)
????Landauer???????
20 ? 2? Takayama Lin-Liu Maki??????????
2.4 ?????TLM????NESS?????????
?????????????????????????????? (x)  h^(x)i1?
????????????Green?????????
?????????NESS??????? Hamiltonian????ak? incoming eld k
?????(1.4)?????????
HMF = H
MF
S + V +HB
HMFS 
Z `
0
dx	y(x)

 ivy @
@x
+(x)x

	(x) :
??? Hamiltonian HMF????????????????????????incoming
eld?????????????
???h^   ivy @@x +(x)x??????????? (x)????
h^(x) = (x); (x) 

+ (x)
  (x)

???+(0) =  (`) = 0?(x)??????????????????
	(x) =

d(x)
e(x)

=
X

(x)f;
???????????f? ff; f y0g = ;0????????????Hamiltonian??
???????????
HMF =
X

f
y
f +
X

Z
dk !ka
y
kakX

Z
dk
n
vk
 
 (0)a
y
kLf + w

k
+
 (`)a
y
kRf + (h:c:)
o
???????????? (2.8)???
uLkw
L
  vk  (0); uRk wR  wk+ (`) ;
????????????
???????? S(;  = L;R)??h^?Green?? g (x; y;!) 
X

(x)

(y)

!      i0 ?
?????
SLL(!) = g  (0; 0;!); SRR(!) = g++(`; `;!);
SLR(!) = g +(0; `;!); SRL(!) = g+ (`; 0;!)
L(z) =
Z
dk0
jvk0j2
z   !k0L  i0 ; 
R
(z) =
Z
dk0
jwk0 j2
z   !k0R  i0
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???????????????????incoming eld?k ??(2.9)?(2.11)????
??????????????????? k??????????????	(x)??
	(x) =
X


+ (x)
  (x)
Z
dk

hk kL + ehk kR
=
Z
dk
n
vk
h(x;!kL)
 (!kL)
kL + wk
eh(x;!kR)
 (!kR)
kR
o
; (2.13)
???????? (!)?h(x;!)?eh(x;!)?????????????????
 (!) = 1  ve (!)g  (0; 0;!)  ve (!)g++(`; `;!)
+ v2e (!)e (!)fg++(`; `;!)g  (0; 0;!)  g+ (`; 0;!)g +(0; `;!)g
h(x;!) = G(x; 0;!)

0
1

f1  vg++(`; `;!)e+(!)g
+G(x; `;!)

1
0

vg+ (`; 0;!)e+(!)
eh(x;!) = G(x; 0;!) 0
1

vg +(0; `;!)e+(!)
+G(x; `;!)

1
0

f1  vg  (0; 0;!)e+(!)g
G(x; y;!) 

g++(x; y;!) g+ (x; y;!)
g +(x; y;!) g  (x; y;!)

e(!) = 1
v
Z
dk0
jvk0j2
!   !k0L  i0 ; e(!) = 1v
Z
dk0
jwk0j2
!   !k0R  i0
?????? h^

+ (x)
  (x)

= 

+ (x)
  (x)

???
h^

g+(x; y;!)
g (x; y;!)

= z

g+(x; y;!)
g (x; y;!)

 
X


+ (x)
  (x)

(y)

= z

g+(x; y;!)
g (x; y;!)

 

+
 

(x  y)
??????Green??G(x; y;!)???????????????
h^(x; y;!) =

 ivy @
@x
+(x)x

G(x; y;!) = !G(x; y;!)  1(x  y) (2.14)
g++(0; y;!) = g+ (0; y;!) = g +(`; y;!) = g  (`; y;!) = 0 (2.15)
???(2.15)? + (0) = 0; 
 
 (`) = 0??????????????Green??? ?h?eh? !? h^????????????????????(2.13)????????????
???????????????????
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????????????????NESS???@
2^(x)
@t2
????? 0?????????
????(x)???????????? (2.7)???????????????????
0 =
 1
!20
@2(x)
@t2
= (x) + vh	y(x)x	(x)i1
??? (1.4)?(2.13)?
Z
dkjvkj2F (!kL) = v
Z 1
 1
d!F (!) Ime (!)=????e (!)??
???????????????????????????????
v

Z 1
 1
d!

Ime (!)h(x;!)yxh(x;!)j (!)j2 fL(!)
+Ime (!)eh(x;!)yxeh(x;!)j (!)j2 fR(!)

=  (x)
v
; (2.16)
??????? (2.12)???????????
hJL!Ri = 2ev
2

Z
d!
Im e (!) Im e (!)
j (!)j2 jg +(0; `;!)j
2 (fR(!)  fL(!)) (2.17)
????
2.5 Green???????
???????????????????Green??????????????????
Green???????????h(x); eh(x);   ???????????????????
??????!???????? !?????????????????
2.5.1 Green??
?????Green????
h^(x) = !(x) (2.18)
? 1????? (x1(x); y1(x))T ; (x2(x); y2(x))T ???????????(2.14)?(2.15)?
??Green????x 6= y?
v
@
@x
+(x)

g+(x; y) = !g (x; y) ;
 v @
@x
+(x)

g (x; y) = !g+(x; y) ;
????????x1(0) = 0; y2(`) = 0???????????????????????
??x1(0) = 0; y2(`) = 0????? g+(0; y) = g (`; y) = 0???
g+(x; y; z)
g (x; y; z)

= A(y)

x1(x)
y1(x)

; (x < y)
g+(x; y; z)
g (x; y; z)

= B(y)

x2(x)
y2(x)

; (x > y)
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??????????????g (x; y) = g(y; x)???
A+(y) = Cx2(y)
; A (y) = Cy2(y)
B+(y) = C
x1(y); B (y) = Cy1(y)
??????????x = y?????? g+(y + 0; y)  g+(y   0; y) =   1v  ?
g (y + 0; y)  g (y   0; y) = 1v+ ??????????
g++(x; y)
g +(x; y)

=
x2(y)
W

x1(x)
y1(x)

; (x < y) (2.19)
g+ (x; y)
g  (x; y)

=
y2(y)
W

x1(x)
y1(x)

; (x < y) (2.20)
g++(x; y)
g +(x; y)

=
x1(y)
W

x2(x)
y2(x)

; (x > y) (2.21)
g+ (x; y)
g  (x; y)

=
y1(y)
W

x2(x)
y2(x)

; (x > y) (2.22)
???W (!) = v(x1(x)y2(x)  y1(x)x2(x))?Wronskian????
??????(x)????????????????????????????? (2.18)
????? (1(x); 2(x))T??????????????(1(x+ a); 2(x+ a))T?????
? ? ? ? ? ? ? ?(f(x); 2(x+ a))T ? (2.18) ? ? ? ? ?? ? ? ?
!f(x)   v2(x + a) + (x)2(x + a)??????????????????????
??? incoming eld???? (2.13)???????? h(x)?
h(x) =

g+ (x; 0)  ve+fg++(`; `)g+ (x; 0)  g+ (`; 0)g++(x; `)g
g  (x; 0)  ve+fg++(`; `)g  (x; 0)  g+ (`; 0)g +(x; `)g

??? e+??????;
g++(`; `)g+ (x; 0)  g+ (`; 0)g++(x; `) = y1(0)x2(`)
W 2
(x1(`)x2(x)  x2(`)x1(x))
g++(`; `)g  (x; 0)  g+ (`; 0)g +(x; `) = y1(0)x2(`)
W 2
(x1(`)y2(x)  x2(`)y1(x))
????Wronskian???????????h(x)??????????????????
??? (2.18)???????????????????? h^? 1? 2 2???????
???????????????????????????????? 2???????
??????????????????????
2.5.2 ????? (2.18)??????????
(x1(x); y1(x))
T ?????? x1(0) = 0????????? (2.18)??????????
???? (2.18)? 2???????????????
x1(x)
y1(x)

= 

x1(x  `)
y1(x  `)

+ 

x2(x)
y2(x)

;
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????????????????x1(`) = x2(`); y1(`) = y1(0)?????
y1(0)x2(`)
W 2
(x1(`)x2(x)  x2(`)x1(x)) = x2(`)x1(x  `)
vW
;
??????????????
h(x) =
y1(0)
W

x2(x)
y2(x)

  e+x2(`)
W

x1(x  `)
y1(x  `)

; (2.23)
????????
x2(x)
y2(x)

=
y2(0)
y1(0)

x1(x)
y1(x)

+
x2(0)
x2(`)

x2(x+ `)
y2(x+ `)

;
???h(x)???????
eh(x)   g++(x; `)  ve+fg++(x; `)g  (0; 0)  g+ (x; 0)g +(0; `)g
g +(x; `)  ve+fg +(x; `)g  (0; 0)  g  (x; 0)g +(0; `)g

;
?????????????
eh(x) = x2(`)
W

x1(x)
y1(x)

  e+y1(0)
W

x2(x+ `)
y2(x+ `)

(2.24)
???? ??
 (!) = 1  ve g  (0; 0)  ve g++(`; `)
+v2e e fg++(`; `)g  (0; 0)  g+ (`; 0)g +(0; `)g
= 1  ve y1(0)y2(0)
W
  ve x1(`)x2(`)
W
+ v
x2(`)y1( `)
W
e  e  ;
????
2.5.3 ????? (2.18)???1??????????????
????? (2.18)????? (1(x); 2(x))T ???(f(x); 2(x+ a))T ? (2.18)????
???????????!f(x)   v2(x+ a) + (x)2(x+ a)????
?????
!f(x) =  v02(x `) + (x)2(x `)
!1(x `) =  v02(x `) + (x `)2(x `)
?????f(x) = 1(x  `) + (x) (x`)! 2(x  `)??????1 = x1; 2 = y1???
? (x1(x); y1(x))T ?
x1(x)
y1(x)

= 

x1(x  `) + A(x)y1(x  `)
y1(x  `)

+ 

x2(x)
y2(x)

A(x)  (x) (x  `)
!
;   y1(`)
y1(0)
;   x1(`)  y1(`)A(`)
x2(`)
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????????????????
vx2(`)y1(0)
W
fx1(`)x2(x)  x2(`)x1(x)g = x2(`)fx1(x  `) + A(x)y1(x  `)g   y1(0)A(`)x2(x) ;
vx2(`)y1(0)
W
fx1(`)y2(x)  x2(`)y1(x)g = x2(`)y1(x  `)  A(`)y1(0)y2(x) ;
??????h(x)??????????
h(x) =
y1(0)
W

x2(x)
y2(x)

  e+x2(`)
W

x1(x  `) + A(x)y1(x  `)
y1(x  `)

+ e+y1(0)A(`)
W

x2(x)
y2(x)

(2.25)
????? 
x2(x)
y2(x)

= 0

x1(x)
y1(x)

+ 0

x2(x+ `) +B(x)y2(x+ `)
y2(x+ `)

B(x)  (x) (x+ `)
z
; 0  y2(0)
y1(0)
; 0  x2(0)
x2(`)
????? eh?
eh(x) = x2(`)
W

x1(x)
y1(x)

  e+y1(0)
W

x2(x+ `) +B(x)y2(x+ `)
y2(x+ `)

(2.26)
????????
g++(`; `)g  (0; 0)  g+ (`; 0)g +(0; `) = x2(`)y1( `)  y1(0)y2(0)A(`)
vW
??????????? ??
 (!) = 1  ve g  (0; 0)  ve g++(`; `)
+v2e e fg++(`; `;!)g  (0; 0;!)  g+ (`; 0;!)g +(0; `;!)g
= 1  ve y1(0)y2(0)
W
  ve x1(`)x2(`)
W
+ ve  e x2(`)y1( `)  y1(0)y2(0)A(`)
W
???????
2.6 ????????
??? 3???????????????????????????????????
?? `??????????????????????(x)?????????????
????????????????????????
TLM????????????????????(2.16)???????????????
???????????????? [53]????????????????!c(!c  T; ejV j)
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???(2.16)?????? ( !c; !c)??????????????????????? V
??????????????????? L =  R =  eV=2????e???????
(2.27)??????Appendix B??????????????????????????
??????????????????????????????
v

Z !c
 !c
d!

Ime (!)h(x;!)yxh(x;!)j (!)j2 1eL(!+ eV2 ) + 1
+Ime (!)eh(x;!)yxeh(x;!)j (!)j2 1eR(!  eV2 ) + 1

=  (x)
v
; (2.27)
????????????????????
2.6.1 ?????
????(x) = 0???x = `x^ (0  x^  1)???? 0 < x^ < 1; ` ! 1????
(2.27)???? x^????????????0????????
(x) = 0???? (2.14)?(2.15)??????????????????? (2.27)?
??? 2?????????????Appendix C????Z
j!j<!c
d!Im (!)
eh(x;!)yxeh(x;!)
j (!)j2 fR(!)
=
Z
j!j<!c
d!
Im (!) fR(!)
jv2D(!) (!)j2
n
v!v2(1  je (!)j2) sin 2x
  v2(!0 + 2!2Ree (!) + !0je (!)j2) cos 2x
+ v20

! + 20Ree (!) + !je (!)j2osgn(j!j   j0j) (2.28)
???? =
p
!2  20=v?D(!) = v cos`+0 sin` ?sgnx = x=jxj????
`  1 ??????????j!j < j0j ????? ?????????
jD(!)j2eh(x;!)yxeh(x;!)  e2jjx ?jD(!) (!)j2  e2jj` ?????????(2.28)?
????? j!j < 0??????
eh(x;!)yxeh(x;!)
j (!)j2  e
 2jj`(1 x^)
?????????????????? `????????x? TLM????????
??????????????? j0j???????????????????????
?????????????????????
???j!j > j0j?? ???????????????? `???????????
??????(2.28)???? jD(!) (!)j2  je (!; `)j2?????? = `? !???
???
e (!; ) = v(1  e (!)e (!)) cos 
+(0 + !fe (!) + e (!)g+0e (!)e (!)) sin 
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????????1=je (!; )j2? ????Fourier??????????????????
1
je (!; )j2 =
1X
n= 1
e2ni
n(!)
;
??????? (2.28)?? 1??Z
j0j<j!j<!c
d!
Ime (!) fR(!)
jD(!) (!)j2 !(1  j
e (!)j2) sin 2x
=
1X
n= 1
Z
j0j<j!j<!c
d!
2i
H(!)
n(!)
fe2i`(n+x^)   e2i`(n x^)g (2.29)
????????H(!) = Ime (!)fR(!)!(1 je (!)j2)????????Riemann-Lebesgue
????? 0 < x^ < 1?`!1? (2.29)? 0??????????? 2?? 3??Riemann-
Lebesgue????????????? (2.28)? `!1????
v
Z
j!j<!c
d!Ime (!)eh(x;!)yxeh(x;!)j (!)j2 fR(!)
= 0
Z
j0j<j!j<!c
d!
Ime (!)
v0(!)
fR(!)

! + 20Ree (!) + !je (!)j2 (2.30)
?????????????????????????`???????????????
???? (2.27)???????????????? x^????????????????
?????????????? ???????? (2.27)???? x^????????0
????????????0????????????
0 = 0 or
 1

= eS(0; V; TL; TR) ;
?????????? eS(0; V; TL; TR)????????????
eS(0; V; TL; TR)  Z
j0j<j!j<!c
d!

Ime (!)
0(!)

! + 20Ree (!) + !je (!)j2fL(!)
+
Ime (!)
0(!)

! + 20Ree (!) + !je (!)j2fR(!) (2.31)
??????? 1=0(!)??1=je (!; )j2? ???? Fourier??????????
0(!) = v
Ime (!)! + 20Ree (!) + !je (!)j2	
+Ime (!)n! + 20Ree (!) + !je (!)j2o  :
28 ? 2? Takayama Lin-Liu Maki??????????
?????????????????????? T  TL = TR ????????
Ree (!) = Ree (!) = 0; Ime (!) = Ime (!)???????????
! + 20
v
Ree (!) + !v2 je (!)j2! + 20v Ree (!) + !v2 je (!)j2 = sgn(!)
????????eS(0; V; TL; TR)
TL=TR=T
????????????
eS(0; V; TL; TR)
TL=TR=T
 S(0; V; T ) =
Z
j0j<j!j<!c
d!
2v
sgn(!)ffL(!) + fR(!)g
???????????? (2.27)?
1

=  S(0; V; T ) =
Z !c
j0j
dp
2  20
sinh(=T )
cosh( eV
2T
) + cosh(=T )
????
2.6.2 ?????
??????? TLM?????????????????????????????
????? [53]?????????x 2.6.1???? 2????? = 0 ??????
???????????????????
(x) = 0 tanhs(x  a); s = 0=v ;
????????????????????????????????? [53]?????
????????????????3 ???????????????????????
???? h^? ! = p(v)2 +20?????????????? ! = 0????????
?????????h^B = 0; B =

1= coshs(x  `  a)
0

??? h^?????????
????????????????????????????Appendix C? x 2.5.3??
???????	(x)??incoming eld???????????
h(x;!) =
1
vD
  v+ v
!
f(x) (`)g e+
ve+

cos(x  `)
+
1
vD

(x) + (v)
2+(x)(`)
!
e+
! +(`)e+

sin(x  `) (2.32)
eh(x;!) = 1
vD
  v
!
f(x) (0)g+ ve+
 v

cosx
  1
vD
 (x)(0)+(v)2
!
+(x)e+
(0) + !e+

sinx (2.33)
3 ???????0 = vs ??????????????????????????????
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D (!) =
h
(v) +
v
!
e  ((`) (0))  ve e i cos`
+
h
(0) + !(e  + e ) +  20 +(0)(`)
!
e  +(`)e e i sin`
??????? =
p
!2  20=v?D(!) = v cos`+(0) sin`???????????
???? (2.27)?????????????????????(x) = 0 tanhs(x   a)
???????????
?A????????????????????????????:? j!j < j0j
?? j!j < j0j???? (2.27)??????????????????????????
?????????????????????????????????????????
?????????????????????? `?????????????????
??4 ?v =
p
!2  20?????????????	(x)??incoming eld?????
????? ve =p20   !2??????????
h(x;!) =
1
v eD
  ve+ v˜((x) (`))
!
e+
vee+

cosh e(x  `)
+
1
v eD

(x) +  (v˜)
2+(x)(`)
!
e+
! +(`)e+

sinh e(x  `)
eh(x;!) = 1
v eD
  v˜
!
f(x) (0)g+ vee+
 ve

cosh ex
  1
v eD
 (x)(0) (v˜)2
!
+(x)e+
(0) + !e+

sinh ex
D (!) =
h
(ve) + ve
!
e  ((`) (0))  vee e i cosh e`
+
h
(0) + !(e  + e ) +  20 +(0)(`)
!
e  +(`)e e i sinh e`
????????D(!) = ve cosh e` + (0) sinh e`?????????????????
???????????? y = !?????????????????????? ! = 0
???????????????????????? eD ??
2 eD  = 1
y
he y2 +0 s1

  s2

e e  y + 420e i+O() +O(s21=) +O(s22=) ;
s1  2e 20a; s2  2e 20(` a)
???????????[ ]?? y2? y??????????? !? `?????????
???????????? `??????????????????? 3?? 4????
????????????????????? ; s
2
k

 1???????? 3??????
???????????s1  s2 (a < `=2)??? = s1????s1  s2 (a > `=2)???
4 ?????????????????????? (2.27)?????D  ?? `??????????
?????????????????????????x 2.6.1???????????
30 ? 2? Takayama Lin-Liu Maki??????????
 = s2?????? = s1????????????????????????? h(x)?
????????
h(x;!) =
1
vD

F

 0G
0e+

coshex+ 1
vD

F

+(x)G
0e+ + yG

sinhex+O() +O(s22=) ;
F  0(x) 0
y
; G  1  s20
y
e 
???????????????????????? x  x  a??????????
jv eDj2h (x+ a  `;!)xh (x+ a  `;!)
= (F   0G)0e 4e 2x + 4s2 + s22e2x
8s2
+ (F + (x+ a)G)(0e  + Gy)4e 2x   4s2 + s22e2x
8s2
+ (2F0e  + FGy   20Ge  + (x+ a)0Ge ) 4e 2x + s22e2x8s2
+ (h:c:) +O() +O(s2)
=
2(x)yjGj2
2s2
e 2x + (h:c:) +O() +O(s2)
???? = s2 (a > `=2)?????`  1??????????????`  1??
 = s1 (a < `=2)?????s21=s2?????????????????????`  1?
? a > `=3???????????????????????????????????
???????????????????????????s22=s1  1; s1  s2????
??????????a < 2`=3??????????????????????????
??????? `
3
< a < 2`
3
????????????????????????????
??????????????????
?B????????????????????????:? j!j > j0j
(2.27)???????? j!j > j0j????????????(2.32)?(2.33)??????
D ?? `???????????????????????????????????
??a; (`  a) = O(`)?????(0)?(l)????? 0?0???????????
??????Eq. (2.27)? 2????Z
j0j<j!j<!c
d! vIme (!)eh(x;!)yxeh(x;!)j (!)j2 fR(!)
=
Z
j0j<j!j<!c
d!
Ime (!) fR(!)
vjD(!) (!)j2
n
S2(!) sin 2x+ C2(!) cos 2x
+(x)

!   20Ree (!) + !je (!)j2o ;
????????C2(!)?S2(!)??????????
C2(!) = 2

0(x)  (v)2
	
Ree (!)  !(x)je (!)j2
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+
20(v)
2 +(x) f(v)2  20g
!
S2(!) = 2v ((x) + 0) Ree (!)  !vje (!)j2
+ v
(v)2  20   20 (x)
!
?????????????????????Riemann-Lebesgue??????????
???????(x)???????????????????(2.27)? 2????Z
j0j<j!j<!c
d! v Ime (!)eh(x;!)yxeh(x;!)j (!)j2 fR(!)
 (x)
Z
j0j<j!j<!c
d!
Ime (!)
v0(!)

!   20Ree (!) + !je (!)j2fR(!) ;
????????????????x????????????? Riemann-Lebesgue?
????? 0??????????????????????????????1=0(!)
??1=jD (!)j2????????????????????????
0(!) = v
Ime (!)! + 20Ree (!) + !je (!)j2	
+Ime (!)n!   20Ree (!) + !je (!)j2o 
(2.27)? 1???????????(2.27)?(x)??????????????????
???
0 = 0 or
 1

= eS(0; V; TL; TR) ;
????eS(0; V; TL; TR)??
eS(0; V; TL; TR)  Z
j0j<j!j<!c
d!

Ime (!)
0(!)

! + 20Ree (!) + !je (!)j2fL(!)
+
Ime (!)
0(!)

!   20Ree (!) + !je (!)j2fR(!) ;
???????????????????????????T  TL = TR???Ree (!) =
Ree (!) = 0; Ime (!) = Ime (!)?????????????????? (2.27)?
1

=  S(0; V; T ) 
Z !c
j0j
dp
2  20
sinh(=T )
cosh( eV
2T
) + cosh(=T )
????????????????????????????????????????
???x 2.9.6?????
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2.6.3 ??????
???????????????????????????????????????
????????????????????????????????????
(x) = 0   v0 (t+(x)  t (x)) (2.34)
t(x)  tanh0(x  a x0) ; tanh 20x0 = v0
0
;
?????????????????????????????????? [54, 55]???
?????????????????????????????????????????
????????! = 0?????????????????????????????
???????????????????????????? 2???????????
? ! = p20   (v0)2??????????????????????????????
??????????????2?????????????????????????
????????????????????????
?A????????????????????????????:? j!j < j0j
??????????Green???Appendix C? (2.19){(2.22)???????????
	(x)??incoming eld???????????
vKh1(x) =  A0f  (x)e˜x˜   +B0f +(x)e ˜x˜
vKh2(x) = A
0f+ (x)e˜x˜  B0f++(x)e ˜x˜
vKeh1(x) =  C 0f  (x)e˜x +D0f +(x)e ˜x
vKeh2(x) =  +C 0f+ (x)e˜x +  D0f++(x)e ˜x
K  +e˜`f +(0)f+ (`)   e ˜`f  (0)f++(`)
????????e  p20   !2=v?f(x)  t(x)  ˜0?ex  x   `?  0v˜! ??
??A0; B0; C 0; D0??????????
A0  f++(`) + +f +(`)e+ = h(w+   2) + +(w+   4)e+i
B0  f+ (`) +  f  (`)e+ = h(w    2) +  (w    4)e+i
C 0  f +(0) +  f++(0)e+ = h( w  + 1) +  ( w  + 3)e+i
D0  f  (0) + +f+ (0)e+ = h( w+ + 1) + +( w+ + 3)e+i
w   1  e
0
; w+  1 + e
0
????1{4?
1  1 + t0  = s10  +O
 
s21

; 2  1  t`+ = s20  +O
 
s22

3  1 + t0+ = s10+ +O
 
s21

; 4  1  t`  = s20+ +O
 
s22

s1  2e 20a; s2  2e 20(` a)
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??????????????????????0  0v0! ????e = 0 + 0y; (0 
exp( 0`))???????? 0 ! 0??????????????????????
??????! > 0?? !  !0?! < 0?? !   !0???????????????
???
A0(!)  21 0+e+(!0)	
 A(!0)
B0(!)   

y
0

1 0 e (!0)	+ s20 0   e+(!0)	

0
  B(!0)0
????x = x  `
2
????????h(x;!) 

h1(x;!)
h2(x;!)

??
h1

`
2
+ x

 
p
0
vK

0 A(!0)f  

`
2
+ x

e0x + 0+B(!0)f +

`
2
+ x

e 0x

h2

`
2
+ x


p
0
vK

A(!0)f+ 

`
2
+ x

e0x +B(!0)f++

`
2
+ x

e 0x

????
f  

`
2
+ x

f+ 

`
2
+ x


r
s2
s1
e 20x
c+c 
f +

`
2
+ x

f++

`
2
+ x


r
s1
s2
e20x
c+c 
f  

`
2
+ x

f++

`
2
+ x

   
0
+
c+c 
f +

`
2
+ x

f+ 

`
2
+ x

   
0
 
c+c 
????
jvKj2h1

`
2
+ x;!

h2

`
2
+ x;!

  0
0
 
c+c 
r
s2
s1
A rs1s20+B
2
?  0
0
 
c+c 
r
s2
s1
0+rs1s2 (1 0 e+) y0
2
???????????? j (!)j2 ????????????Ree (!) = Ree (!) =
0; Ime (!) = Ime (!)??????????vK (!)??
vK (!) = ve˜`
e  f  (`) + f+ (`)e f++(0) + +f +(0)
 ve ˜`
e +f +(`) + f++(`)e f+ (0) +  f  (0)
 v  h+e˜`   h e ˜` (2.35)
34 ? 2? Takayama Lin-Liu Maki??????????
??????e = 0+ 0y; (0  exp( 0`))???????0 ! 0???????????
h+e
˜`   h e ˜`  00+(1 0 e ) y0

(1 0 e ) y0 + 0 (1 0+e )s1 + s20

???????????
h
 
`
2
+ x;!

xh
 
`
2
+ x;!

j (!)j2  
20 
2
0
0v2c+c 
r
s1
s2
11 0 e (!0)2
1y + 0 0 s1+s20 10+˜ (!0)10 ˜ (!0) 2
?????`!1???? 0 ! 0???
IL>BO 
Z j0j
0
d! Im (!)
h(x+ `
2
;!)yxh(x+ `2 ;!)
j (!)j2 fL(!)

Z  0=0
0=v 0
0
 2v
200
!0
0 
2
0
0v2c+c 
r
s1
s2
11 + 0 e (!0)2
1y + 0 0 s1+s20 1+0+˜ (!0)1+0 ˜ (!0) 2
fL(!0)
! 2v
20
!0
0 
2
0
v2c+c 
r
s1
s2
vIme (!0)1 + 0 e (!0)2
Im
"
0 0
s1 + s2
0
1 + 0+
e (!0)
1 + 0 e (!0)
#
 1
fL(!0)
=
0
c+c 
0
s1 + s2
r
s1
s2
fL(!0)
?????? j0j?? 0?????????????20 = ps1s2(= 2 exp( 0`))??
????
ILBO 
Z j0j
 j0j
d! Im (!)
h(x+ `
2
;!)yxh(x+ `2 ;!)
j (!)j2 fL(!)
=
0s1
2(s1 + s2)
1
c+c 

fL(!0)  fL( !0)

????????????????
IRBO 
Z j0j
 j0j
d! Im (!)
eh(x+ `
2
;!)yxeh(x+ `2 ;!)
j (!)j2 fR(!)
=
0s2
2(s1 + s2)
1
c+c 

fR(!0)  fR( !0)

????????????(2.27)??? j!j < j0j???????TL = TR = T =  1?
???????????
IBO  ILBO + IRBO
=
0s1
2(s1 + s2)
1
c+c 

fL(!0)  fL( !0)

+
0s2
2(s1 + s2)
1
c+c 

fR(!0)  fR( !0)

=  0
2
1
c+c 
sinh !0
cosh !0 + cosh
eV
2
(2.36)
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????????????????????????????????????????
?????(2.36)??s1; s2??????????????? a????????????
????????????????????(2.36)???????????? a????
??
?B??????????????????????:? j!j > 0
????????????(2.35)??????K ?? `?????????????
????????????????????????a = O(`); (`  a) = O(`)?????
(0)?(l)????? 0?0??????????????	(x)? incoming eld?
????????
h1 = g+ (x; 0)  +fg++(`; `)g+ (x; 0)  g+ (`; 0)g++(x; `)g
? 1
vK
h
ff+(`) + e+f (`)g f (x)eix˜   ff+(`) + e+f (`)g f (x)e ix˜i
 1
vK
h
( + e+) f (x)eix˜   ( + e+) f (x)e ix˜i
h2 = g  (x; 0)  +fg++(`; `)g  (x; 0)  g+ (`; 0)g +(x; `)g
=
1
vK
h
ff+(`) + e+f (`)g f+(x)eix˜   ff+(`) + e+f (`)g f+(x)e ix˜i
 1
vK
h
( + e+) f+(x)eix˜   ( + e+) f+(x)e ix˜ieh1 = g++(x; `)  +fg++(x; `)g  (0; 0)  g +(0; `)g+ (x; 0)g
=
1
vK
hn
 f (0) + f+(0)e+o f (x)eix + nf (0)  f+(0)e+o f (x)e ixi
 1
vK
h 
 + e+ f (x)eix    + e+ f (x)e ixieh2 = g +(x; l)  +fg  (0; 0)g +(x; `)  g +(0; `)g  (x; 0)g
=
1
vK
h
 
n
f (0) + f+(0)e+o f+(x)eix + f (0) + f+(0)e+ f+(x)e ixi
 1
vK
h 
 + e+ f+(x)eix    + e+ f+(x)e ixi
K   2ei` + 2e i`
???????f(x) = t   i 0?v =
p
!2  20? = 0 iv!0 ? = 1+ i 0 ??????
???(2.27)? 2????
IRSC 
Z
j0j<j!j<!c
d! vIme (!)eh(x;!)yxeh(x;!)j (!)j2 fR(!)

Z !c
j0j
4vIme (!)jj2 1 + 20! Ree  + je j2Re (f (x)f+(x))
jvK (!)j2 fR(!)
=
Z !c
j0j
4vIme (!)jj2 1 + 20! Ree  + je j2 (!2(x)  !200)
jvK (!)j2!(v0)2 fR(!)
??????????????????????x?????????????Riemann-
Lebesgue????? 0?????????????????????????????
36 ? 2? Takayama Lin-Liu Maki??????????
1=jvK (!)j2???????????????????????????
IRSC 
Z !c
j0j
d!
4vIme (!)jj2 1 + 20! Ree  + je j2 (!2(x)  !200)
0!(v0)2
fR(!)
????????1=0(!)??0? 1=jvK (!)j2???????????????
0(!) =
4v3
j!j jj
4
Ime (!)1 + 20! Ree (!) + je (!)j2

+Ime (!)1 + 20
!
Ree (!) + je (!)j2 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J   2e

Z
j0j<j!j<!c
d!(v)2
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= 0

@ eS
@0

V
 

@ eS
@V

0

@J
@0

V
. @J
@V

0

> 0 ; (2.41)
?????????Appendix D???????I(0)  V (0)????0 = 0????
????????????????????????????????????????
???? e = 0???????????????????????????????
????????????????????????????????????????
??????????????????????
2.9 ???Peierls??
?????x 2.6???????????????????x 2.9.1)???????????
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????T  TL = TR??????????? (2.27)??
1

=  S(0; V; T ) =
Z !c
j0j
dp
2  20
sinh(=T )
cosh( eV
2T
) + cosh(=T )
; (2.42)
??????????????????????????Z !c
j0j
d!
!B
v(!2   !2B)
sinh !
cosh ! + cosh eV
2
=

2vB
sinh !B
cosh !B + cosh
eV
2
; (2.43)
??!B =
p
20   v20????0????????
???????????????????????????????????????
??????????? e (!) = e (!) = i =v????
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 jJ j > Jc0??
0 = 0????????????????????V = J=G0????
???????????????????0 < jV j  V20??????????????
J = 0????????????????????????????????? 1???
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???????????(a)  = 4:8? (b)  = 3:0??????????2???????
?????????????? ???????
?A????
???????????????????????????????????????
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????????????????????????????????????????
????????????????? 2.3??????? 2.8????????????
???Scalapino?????????????????????????????????
??????????? [73, 74]???????? x 3.2?????
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V/V10
(a)(b)
? 2.4: ????????????????????????
(a) T = 0:01 exp( 1=2)jeV10j (= 0:194Tc0)?(b) T = 0:02 exp(1=2)jeV10j (= 0:389Tc0)?
???? ????????????????????????????????????
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V/V10
(a)
(b)
? 2.5: ????????????????????????
(a) T = 0:03 exp(1=2)jeV10j (= 0:583Tc0)?(b) T = 0:04 exp(1=2)jeV10j (= 0:778Tc0)??
??????????????
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? 2.6: ?????????????V = 0:551V10???V = 1:047V10??????????
????????????????????????????????
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? 2.7: ?????????????V = 1:213V10???V = 1:224V10??????????
????????????????????????????????
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? 2.8: ?????????????V = 1:235V10???V = 1:433V10??????????
????????????????????????????????
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2.9.4 ???????????Peierls????????
???????????????????????????????????????
?????
?A????
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Τ /
Τ c
0
J/J c0
Normal
Ordered
? 2.9: ??????????????? 2?????????????
???????????????????????1???????????????
? 2?????????????? 2.9???????????????????
log
 Tc0
2eT

= 

Tc0J
2eJc0T

; (2.54)
??????????Jc0  G0V10????????????????(2.54)??????
?????????????? Tc(J)??
T  Tc(J) ' Tc0
(
1  7(3)
16e2

J
Jc0
2)
;
?????? ??? Jc(T )??????
jJ j  Jc(T ) ' Jc0
n
1 +
2e2
3
 T
Tc0
2o
;
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????? B?????
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????????????????????????????????????????
????????????? 2.3??? B?????????????????????
????????????????????????????????????????
???????2?????????????????? 2.9?? 2??????????
???????????
?B??????
???????????????????????????????????????
??????????? 2.10??? 2.11?????????????????????
??????????jJ j  0?????????????? 2????????????
????????????????????????????????????????
????? 2.10???
? 2.10??? 2.11????????????{??????????????????
????????????????????????????? T ? T ????????
???????????????????????????????? 2.12??????
????????????????????????????????????????
??????????????????????? J = Jc0 ?????????????
????????????????????????????????????????
?????????????????? 2.12? J=Jc0 > 1:10???????
0
0.2
0.4
0.6
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? 2.10: ????????????????????????
(a) T = 0:01 exp(1=2)jeV10j (= 0:194Tc0)?(b) T = 0:02 exp(1=2)jeV10j (= 0:389Tc0)?
???????????????
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? 2.11: ????????????????????????
(a) T = 0:03 exp(1=2)jeV10j (= 0:583Tc0)?(b) T = 0:04 exp(1=2)jeV10j (= 0:778Tc0)?
??????????????
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1
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∆  
/ ∆ 0
c
T/Tc0
? 2.12: ???????????????????????jJ j=Jc0 = 0, 0.3, 0.6, 0.95, 1.10
????????????????????
2.9.5 ???????????Peierls????????
x 2.9.3?x 2.9.4????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
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????????????????????????????????????????
?????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????? n??????????
 > 0????????????????????????KE2=2??????????
??????????????????????????????????
E() =
KE
2
2
  n
??????????
 = n=KE
????????????????????????????????????????
????????? J??????????????NJ = J=JN ???????????
???????????????????????
EJ() =
KE
2
2
  (n  2NJ)
???????????????
 =
n  2J=JN
KE
????????????????????????????????????????
??????????????????????????????C(e( eV ) + 1) 1??
?????????????????????????????????
EV () =
KE
2
2
 

n  C
e( V ) + 1

 (2.55)
? 2.13?EV ?KE = 2; n = 1; C = 1;  = 10??? V = 0:1; 0:2; 0:5; 1 ??????
???????V = 0:1; 0:2????????????????V = 0:5???????
? = 0????????????????????????????? VE?????
??????V = 1????????????????????????????????
????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????KE2=2???????????????
????????????????????????????????????????
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?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????
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E
V
  ∆
? 2.13: EV () ?  ????????????????????????(2.55) ??
KE = 2; n = 1; C = 1;  = 10??? V = 0:1; 0:2; 0:5; 1??????????
V = 0:1; 0:2; 0:5; 1:0????
2.9.6 ????????
x 2.6.2?????????(x) =  0?????(x) = 0??????????
????????????????????????????????????????
????0??????????? 5???????????????????????
????????????????? 10??????????????????????
?? 1?????????????????????????????????????
??????? 1????????????????????????????????
??????????????????????x 2.6.2???????????????
??????????????????????? 2.14???????????????
????????????
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∆  
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 /  ∆
c
x / L
? 2.14: ???????????????????????????0=c =
1:0; 0:8; 0:5; 0:2????
2.9.7 ????????
?????? (2.34)??x 2.9.1{2.9.4??????? (2.42)????????????
??????????? !B???? (2.43)????????????????????
???????????? (2.42)?????????????????(2.43)?????
???
???????
(2.43)???? j0j? Ve 
 eV
2
???????????????
 j0j  Ve??
s > w?????????Z
dxp
x2   s2
1
x2   w2 =
Z
dyp
y2 + s2
1
y2 + (s2   w2)
=
1
w
p
s2   w2 tan
 1

(x2   w2) + xpx2   s2
w
p
s2   w2

+ C(2.56)
??????(2.43)??

2
 (!B   Ve) = 
2
  tan 1
 
V 2e   !2B + Ve
p
V 2e  20
v0!B
!
???????(x)? Step????(x) = 0 (x < 0); (0) = 1=2; (x) = 1 (x < 0)
????????!B 6=
p
20   (v0)2 ????????????????v0 6= 0?
??????????? 0????????v0!B = 0?????????????
????????
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 j0j  Ve??
(2.56)??????(2.43)??

2
 (!B   Ve) = 
2
  tan 1

v0
!B

??? !B = Ve????????
tan 1
v0
!B
=

4
?????
(v0)
2 = 2c   !2B = !2B
?????????????????????Ve =
 eV
2
 = c=p2 = !c=(p2 cosh 1)??
???????????? !B = c=
p
2????
???????
???????????????????????????????????? (2.42)?
1

=  S(0; V; T ) =
Z !c
j0j
dp
2  20
sinh(=T )
cosh( eV
2T
) + cosh(=T )
;
??????(2.43)?Z !c
j0j
d!
!B
v(!2   !2B)
sinh !
cosh ! + cosh eV
2
=

2v0
sinh !B
cosh !B + cosh
eV
2
???????!B?????????????????????????(2.43)????
v0??????Z !c
j0j
d!
!Bv0
v f(v)2 + (v0)2g
sinh !
cosh ! + cosh eV
2
=

2
sinh !0
cosh !0 + cosh
eV
2
;
????(2.43)?????????!B???????????????????????
????????????????????????????????????????
(2.42)??? (2.43)?????????????? 2.15?? 2.16 ?????????
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? 2.15: ??j0j???????T = 0:05Tc?????? ??????????????
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T = 0:05 Tc??????? T = 0:2 Tc???????
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? 2.16: ?????????A?????? (??)?????????? 2x0?????
???????????T = 0:05 Tc????????? T = 0:2 Tc????????
??2x0?L = ~v=c??????????????????????????????
???T = 0:05 Tc??????? jJ j = 10 3Jc?10 5Jc?10 10Jc?10 15Jc????
? 2.15??T < T ???????????????????????????? j0j?
?? jJ j??????????????????????????????????????
?????????????(2.43)????!B???????????????????
?????????????????? (2.43)????!B??????????????
?????????????????????????????????????????
??????????? (2.43)????!B?????????????????????
?T > T ??????????????? (2.43)????!B?????????????
????????????????????????????????????????
?????????????????????????????????????????
??????????T < T ???(2.43)? !B??????????????????
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? J1(T ); J2(T )?????J1(T ) < jJ j < J2(T )???????????????????
?????????????????????????????????????????
??????????????? 1? 1?????????(2.43)? !B????????
??????????? V1(T ); V2(T )??????????? V1(T ) < jV j < V2(T ) ??
?????????????????V (T )  V2(T )  V1(T )?J(T )  J2(T )  J1(T ) ?
?????????V (T )? V (0) = 0?? T > 0?????????J(T )? J(0) = 0
?? T  0???????????? V (T )?????????????J(T )????
????????????????????????????????????????
????????????????? V (T )??????J(T )???????????
???????????????????????????
??????????????????
?????T < T ??????????
(x) = 0   v0 (t+(x)  t (x))
t(x)  tanh0(x  a x0) ; tanh 20x0 = v0
0
;
??????????????????? 2x0?????A  2(v0)2=(j0j+ !B)???
jJ j????? 2.16????????????????????????????????
?????????????????????????????? jJ j = J1(T )?????
jV j = V1(T )??????jJ j = J2(T )????? jV j = V2(T )?? 0???????????
????? jJ j = J1(T )???????? j0j????jJ j = J2(T )????? jV j = V2(T )?
? 0??????????????? jJ j = J1(T )?????????????????
????????????????????????????????????????
?? jJ j = J2(T )???? 0?????????????????????? 2.16????
????????????????????????????????????????
????????????????????????????????????????
?????????
????????????? !B ???????? 2.15?????????????
???????????? jJ j = J1(T )? 0?????????????jJ j = J2(T )??
!B = 0??????????????????????????????????
???????????????????????
??????????????1????????????????????????
????????????????????????????
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?3? ???????
3.1 ???
? I??????????????????????????? TLM???????
????????NESS?????Peierls??????????????NESS??C*?
????????? (1.4)?????????????????????????????
????????????????????????????????????????
????????????1 ?
????????????????????????????????????????
? 3????????????????????????????????????? A?
??????????????????????? 1??????? B????????
????????? C? 3??????? 2.3??????? A??? C?????? 2
?????????????????????????? B?????????????
? 1????????????? A?C???????? 1?????????? B??
3????????????3??? 3???????? T ?????????????
???
???????????????????????????????????????
???????? 2???????????????????????????? 3??
??? T ???????????????????????????????????
? Jc0?????????????????????????????????????
??????????????????????????????????
????????????????????????? 1???????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
-(BEDT-TTF)2CsM(SCN)4(M =Zn, Co, Co0:7Zn0:3)????????????????
????????????????????????????
???????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
??????0????????????????????????????????
?????????????
????????????????????????????????????????
1 ??????????? [75]?????????????????????????????????
?????????????????????
62 ? 3? ???????
????????????????????????????????????????
????????????????????????????????????????
??? TLM??????????????????????????????????
??????? 2????? 1??????????????????????????
????????????
????????????????????? `?????????????????
????????????????????????????????????????
???????????????????????????? (fL() + fR())=2????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????? J(T )??????
??????????? V (T )?????????????????? T ! 0?????
????????????????????????????????????????
????????????????????????????????????????
?????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????
???????????????????????????????????????
?????????????????
3.2 ?????????
2??????????????????? 2.8??????????????????
????????????????Scalapino? [73, 74]???????????????
????????????????????????????
???????????????????????????????????????
? (2.42)????
p
2 +20?E?????????????????????????
?????
1

=
Z !c
 !c
d
E
n
tanh
1
2T

E   eV
2

+ tanh
1
2T

E +
eV
2
o
(3.1)
????? 2?????? eV=2??????????????????? Scalapino?
? ??????????????Ref. [73]? (6)???????????????????
????????????????????????????????????????
????????(3.1)? 2?????????????Scalapino??????????
???????????????
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TLM????????????????? 1???? extended Hubbard??? [15]
????? Jordan-Winger????????XXZ??? [14]????????????
?????????????????????Lindblad???????????????
??XXZ????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????extended Hubbard?XXZ?????????????????
Lindblad???????????????NESS??????????????????
???NESS??????????????????????Lindblad????????
????????????????????????????????????????
???????????????????????????????
3.3 Terasaki????????
Terasaki ?????????????? -(BEDT-TTF)2CsM(SCN)4 (M =Zn, Co,
Co0:7Zn0:3)? b?????????????????????????????????
????????????????????????????????????????
????? [69, 70, 71, 72]??????????? TLM??????????????
?????????
Terasaki????????????????TLM?????????????????
??? extended Hubbard?????????????????????????Hubbard
???
HCO =  t0
L 1X
j=0
fCyj+1Cj + CyjCj+1g+ U
L 1X
j=0
nj+1nj   U
LX
j=0
nj ; (3.2)
?????????????TLM??????????????nj = CyjCj???? j?
????????????????????TLM??????????extended Hubbard
?????????????????????????????????????????
?????????????????????????extended Hubbard???????
??????????????????????????????Terasaki???????
??????????????????????????????????Terasaki???
????????????????????Terasaki??????????????????
??????????????????????????????? [70]?Figs. 2.10??
????????????? T < 0:4Tc0???????????????????x 2.9.5
????????????????????????????????????????
???????????????????J  0??????? 2???????????
????????????????????????????????? 2??????
????????????????????????????????????????
???????Figs. 2.10??? 2.11?) ?
???????????????????????????????????????
?? V10(T )??????????????????????? V20(T )?????????
64 ? 3? ???????
? 2.3?????????????????????????????V20(T )  V10(T )?
???? ????????????  U=(t0)?????????????????
??????????????????????????U ?????????????
?????????????????????????Tersaki????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????
?????????????????????????????, ?????????
????????????????????????????????????????
??? 3???????2?????1???????????????????????
????????????????????????????????????????
????????????? 0??????????????????????????
????????????????????????????????????????
???????2 ?
???????Terasaki??????????????????????????? [69,
70, 71, 72]??????????????????????????????
3.4 ???????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????2???????????????????????????
???????????????????
3.5 ?????
????????????????????????????????????????
???????????????
????????????????????????????? e ; e ???? 0??
????????????????????????????????? e  = e ???
????? e  =  e ??????????????????????????????
???? e  = e ??????? e  = e ?????e ; e ?????????????
2 ???????? 1????????????????????????????
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????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????
?????????????????? -(BEDT-TTF)2CsM(SCN)4 (M =Zn, Co,
Co0:7Zn0:3)??????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????
Benenti?????? Lindblad?????????? XXZ????????????
????????????????????????????????????????
?????????????????????????????????

?II?
?????????????

69
?4? ????????
4.1 ??????????????????
???????????????????????????????????????
????????????????????????????????????????
?????????????????????????????? [76]????????
????????????????????????????????????????
?????????????????????
1 ?????????????????????????
2 ?????????????????????????????????????
?????????????????????????
3 ????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????? [77]?
????????Poincare???????????????????????????
????????????????????????????????????????
???????????? [78]??????????????????????????
??????????Hamiltonian??????????????
H(I;) = H0(I) + H1(I;); I 2 Rn;  2 Sn (4.1)
????H1? ???? 2?????????????? = 0??????????
_I = 0
_ = rIH0(I)  !0(I) ;
????????????????????????????????????????
??????????????????(4.1)????????????????????
??????(4.1)???????????????(4.1)???? (I;)????????
??? (J ;)???????????????? (4.1)???????????????
????? S(;J):
I = rθS(;J);  = rJS(;J) ;
70 ? 4? ????????
????? S =   J + S1 + 2S2 ?????????????????? (J ;)??
Hamiltonian ?K(J) = K0(J) + K(J) +O(2)?????????Hamilton-Jacobi??
???
H0(rS) + H1(rS;) = K0(J) + K1(J) +O(2) ;
??????? ???????????
K0(J) = H0(J)
K1(J) = H1(J ;) +rS1  !0(J) ; (4.2)
?????????K0?????????S? ??????????????????
? ?????????????????????
K1(J) = H1(J)
???? H1? ?????????????????(4.2)??????
rS1  !0(J) = H1(J ;)  H1(J) ;
???????? S1???????????????? 0??????????????
Fourier?????????
S1(J ;) = i
0X
m
H1m(J)e
imθ
m  !0(J) (4.3)
????
P0
m??m 6= 0??????H1m(J)??????????
H1(J ;)  H1(J) =
0X
m
H1m(J)e
imθ
????????????????????????? 0???????????????
????????????????!0?????????(4.3)????????????
?????????????????????????????? n( 2)???????
???????????????????????n( 2)??????m  !0(J) = 0?
??m????????????????? (4.3)?????????m !0(J) = 0??
m??????????????!0 m ??????????????????????
?????? (4.3)???????????????????(4.3)??????????
!0? (4.3)????????!0?????????????????S?J ??????
????????(4.3)????? S?????????????????(4.3)????
???!0??????? (4.3)?????????????? small divisor problem [79]
??????????????
Kolmogorov?Arnold?Moser?Hamilton-Jacobi?????????????????
????????????????????????????????????????
???KAM???????? [80, 81, 82, 83]?KAM???????????????
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????????????????????????????????????????
????????????????????????????1 ???????????
????????? ??????????????????????????????
???????????????????KAM??????????????????
????????????????????????????????????????
???????????????????? stochastic layer(resonance layer)??????
???????????????????????????????????????
stochastic layer?????????????????????????????????
????????????????????????????????????????
?? [83]?
???????????????????????????????????????
????????????????????????????????????????
???????????????????????? [84]?Smale???????????
????????????????????????????????????????
??????????????????????????A?Anosov?????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????
??????????????????? stochastic layer?????????????
????????????????????Hamilton?????????????????
????????????????????????????????????????
????????????2 ?????Nekhoroshev????????????????
?????????????????????????? [90]????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????3 ????????????????????
????????????4 ???????????????????????????
????????????????????????????????????????
1 ?????"?????"?"???????"??????????????????????????
???? [80, 81, 82]????
2 ??????????????????????????????????????????????
????????????????????????????????????????????????
???????????? [85]??????????????????????????????????
?????????????????????? [86, 87, 88, 89]?
3 ???????????????????????????
4 ?????Poincare-Bendixson??? [91, 92]?????????????????????????
????????????????????
72 ? 4? ????????
??????????????????????????
Poincare??????????????????????????????????
????????????????????????????????????????
????????Poincare????????????????????????????
???????????????????????????????? Poincare????
????????????????????????????????homoclinic???
heteroclinic????5 ????????????????? Poincare????????
???? [83, 87, 93]???????????????????????????????
???Poincare???n????????????6 n 1??????x??????
???????????????????????????????????????
??????????????????? Poincare?????????????????
??????????????????????????? f(x; t)??? t??????
????? Poincare ???????????????
_x = f(x; t); x 2 Rn; t 2 R
f(x; t)? t?????? T = 2=!???????????
_x = f(x; )
_ = !; (x; ) 2 Rn  S1 ; (4.4)
???????????????????????0 = f(x; ) 2 RnS1j = 0 2 (0; 2]g
????????????Poincare???????????????????? ???
????????????? 0.5??????????????????????? 1?
????????? 1.5???????????????? 1.5????? Poincare??
????????????????????????????????????????
????????????????????????????????????????
????????????
????????????????????????????????????????
????????? stochastic layer????????????????????????
???????????????????????????????Poincare??????
????1974???????????????????????????????????
????????Moser???????? [94]???????? stochastic layer????
?????????????????????????????????????????
?????7 ??? turnstile????????????????????????????
5 homoclinic???????????????????????????????heteroclinic?????
????????????????????
6 ????n???????????
_x = f(x); x 2 Rn ;
?????n  1???? ??????? n(x)? ????? x ? n(x)  f(x) 6= 0????????
?????? f(x)???????????
7 ?? t = 1???? xf ??????????????????????? t =  1???? xf ?
?????????????????????Wu ?Ws ????????? homoclinic (heteroclinic)?
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??????????????? stochastic layer ??????homoclinic?heteroclinic?
???????? turnstile?????????????? [93, 95, 96, 97, 98]?????
?????????????????????????????turnstile???????
???????????????????turnstile?????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????
4.2 ???????Harper??
???????????????????????????????????????
?? A?R2??R2????C2??C2?????????xf 2 R2????xf 2 C2?
???? Axf = xf ???? xf ? A?????????????? yn = A0(xf )yn 1?
?????????????????xf ??????????????????????
?????? xf ??????????Ws  fx : limn!1Anx = xfg???????
Wu  fx : limn! 1Anx = xfg ???????homoclinic???????????????
????????heteroclinic????????????????????????????
??????8 ?x 4.1???????Poincare???????????????????
???????????????????????? [78]??????????????
?????????????? x?Wu???????Ax?????Wu???????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????? 1???
??????????????9 ???????????????Wu?Ws??????
??????????????heteroclinic?????? homoclinic??????????
????? heteroclinic???? homoclinic?????????????????????
???????????????????????????stochastic layer??????
? (stochastic layer???????????????????????????????
????)????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????homoclinic??????????????????????????????????????
???????????????S(q; xf )?U(q; xf )???????????????? xf ?? homoclinic
(heteroclinic)? q?????????S(q; xf )?U(q; xf )??q; xf ??????????q???????
?????S(q; xf )?U(q; xf )?????????????????????????????
8 ???????????????????????????????????
9 ???????????????????Poincare???????????????????????
????????????????????????????????????????[99, 100]????
????????
74 ? 4? ????????
??????????????
????????????????????????????????????????
??????????????????????????????????????[101](?
? [102])??????[103]????????
?? S = S1  S2????Sk (k = 1; 2)????Riemann???? 1????????
?????S ! S????????????????????????????????
???
??????????????????? [104]?
?? C2??C2????????
(x; y)! (x+ y + V 0(x); y + V 0(x)) ?????V (x)?????????????????
??????????????10 ?
????????????????????????????????????????
????????????????????????????????????????
????????????????????????? stochastic layer????????
??? ??????????? e 1=??????????????????????
?11 ?
????????????????????????asymptotics beyond all orders(ABAO)
????Borel???????????????stochastic layer????????????
?????????????????????[104]?Review?????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????
ABAO???Lazutkin????????? [109, 110]???[111, 112]????????
????????????????????????????????????????
??????????????????????????????????
??
f(t)? jImtj  b (b > 0)??????? closure????????????
f(t)???? a???e 
2b
a  1
2
;
Z a
0
f(t)dt = 0 ???????????t 2 R?????
jf(t)j  2maxjIm jbjf()je  2ba
10 V (x) ?????????????????????????????????????????
V (x) = 
x  x3
1 + x2=2
????? H = y
2
2 + 

 x22 + x
4
4 +
xy
2   x
3y
2 +
x2y2
4

??????[105](?? [106])?
[107]?
11 ????????????????????????????1990????????????????
???????? Fontich???????? [108]
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Lazutkin??? [109, 110]?????ABAO?? Lazutkin?????????????
??????[113]???cylinder (R=2Z)R????????????? RR ??
???????? Fs????????????ABAO??????????
Fs(x; y) = (x1; y1)
x1 = x+ y1
y1 = y + f(x)
f(x) =
nX
k=1
ak sin(kx+ bk) or f(x) =
nX
k=0
akx
k
????y 2 R????f(x) = Pnk=1 ak sin(kx + bk)????x 2 (R=2Z)? f(x) =Pn
k=0 akx
k ????x 2 R????[114]???homoclinic invariant????????
??????? homoclinic (heteroclinic)??????????????????????
???????homoclinic invariant??????? conjecture?????????Standard
map??????[115]??????????? 1?????????????homoclinic
invariant????????????????????????????????????
??????????????? Standard map[109, 112]?polynomial map[113, 116]??
????????????????????????? 1???? 5??????? [114]
?????????????????????????????????????[117]?
????????????????????????????????????????
??????????????? homoclinic invariant????????????????
?????? [118]????homoclinc invariant???????????[119]??????
??????
???????? 1???????Borel???????????????Borel???
??????????????????????????????????????Borel
????????????????????????????????????????
??????????? Stokes?????
??????????????????????????? [120]??????????
Hakim???? Standard map??? [121]????????????? standad map?
cubic map?????? [122]????Tovbis??????Henon????? [123, 124]?
??????????????????????????Henon???????Ecalle?
????????Resurgence?? [125]????Gelfreich-Sauzin???? [126]?????
????????????????????????????????????????
????????????????
ABAO??Borel????????????? 1???Arnold???????????
?????????????????? [127, 128, 129, 100]?[128]? [130]? [129]? [131]
?????????? stohcastic web??? [132]????? [133]??non-Hamiltonian?
??? [134, 135] ?????????
??????Borel??????????????Harper?????????????
????????????????????????????????????????
76 ? 4? ????????
????????????????????????????????????????
?????????????[136, 137, 138]????????????????2????
?????stochastic layer????????????????? stochastic layer????
??????????12 ??????????? stochastic layer???????????
??????????????Harper???????????13 ?
v(t+ )  v(t) =   sin u(t)
u(t+ )  u(t) = k sin v(t+ ) (4.5)
??? ??????????????????????????????? ! 0??
?????????????????????Harper????????
v0(t) =   sin u(t)
u0(t) = k sin v(t) (4.6)
????????????????Harper???? k < 1; k = 1; k > 1???????
????? 3 ???????????????k(< 1)! 1????k(> 1)! 1?????
?????????? (? 5.1)??????????????????????????
????????????????????????????????????????
???????????homoclinic?heteroclinic??????????????????
???????????????????????????????????
????Harper???????????????????????????????
 ????????????????????????????? [132, 140, 141, 142]
?
 ??????????? 2?????????????????????????
[143, 144]?
 2?????? 3???????????????????? [145, 146]?
 ???????????????????????? [147]?
12 ???????????? stochastic layer???????????????????????????
??????????????????????????????Arnold??? [139]?
13 ?????????????????????????????(4.5)??? 1???????t? t+a(t)
?a(t)????????????????? a(t)?????(4.5)?????
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?5? ????Harper???????
??????????????
??
?????Harper???????????????????????????????
Borel?????????????????x 5.1??????????????????
?????x 5.2?????????????????????????????????
????????x 5.3??????????????????????????????
??x 5.4????????????x 5.5???x 5.4????????????????
????x 5.6???Borel??????????????????????x 5.7????
????????????????????????????
5.1 ??
??????????????Harper???? 0?????Harper??? (4.6)???
????? k????????????? 3???????????????? 5.1??
?????(; 0)????????????k < 1???? ( ; 0)?? (; 0)????
????????????????????????k > 1?????????????
??????????????????????? (Appendix F)?Melnikov?????
??????? ???????????????? v0; u0???????????? 0?
? 5.1: Harper??????????  ! 0???????????????
78 ? 5? ????Harper???????????????????????
????????????
v0(t) 
1X
n=0
nv0n(t) ; u0(t) 
1X
n=0
nu0n(t)
????????t =  1??????????????? (vu(t); uu(t))??t =1??
????????????? (vs(t); us(t))?????????????????????
?????????????????????????? (4.5)???????????
?????k????????????????? (v0n; u0n)?????????????
????(v00; u00)? (4.6)?????
(v00(t); u00(t))! (; 0); as t!  1 ;
??????????
v00(t) =  2 tan 1
h
sinh
p
kt 
p
k cosh
p
kt
i
;
u00(t) = 2 tan
 1
" p
k
 pk sinhpkt+ coshpkt
#
; (5.1)
??????????T  1p
k
ln 1+
p
kp
1 k > 0 ??????
t =
1p
k

n+
1
2

i; 2T +
1p
k

n+
1
2

i ;
(n = 0;1;2;   ) (5.2)
????????????????????????????????????????
????????????? 2??????????????? 0??? t1????? t2
????? 5.2??
????????? t = t1????????????????w  t   t1??????
jwj??????
v00 = i log

kw
2

+O(w) ;
u00 =  i log

kw
2

+O(w) ;
v01 = 0 ;
u01 =   i
2
1
w
+
i(k   1)
4
+
i(k2 + 2
3
k   1)
8
w +    ; (5.3)
???????????????? (v0n; u0n) (n  1)?w = 0? n??????????
??????? t?????????????????????????????????
????????????????????????????????????Melnikov
????????????????????????????????? v00; u00???
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×
×
×
×
×
×
××
tRe
tIm
1
t
∗
1
t
2
t
∗
2
t
t
−∞=t
∞=t
×
: pole
:branch cut
? 5.2: v0; u0????????????????????????????????
????????????????????????????????????????
???????????? z???? V0(z; ); U0(z; )????????
z  w

V0(z; )
U0(z; )



v0(t; )
u0(t; )

 

v00(t)
u00(t)


1X
n=0

V0n(z)
U0n(z)

n (5.4)
???????????????
V00(z)  i
12z2
  107i
4320z4
+O

1
z5

U00(z)    i
2z
+
i
24z2
+
i
24z3
  191i
8640z4
+O

1
z5

(5.5)
??????????? t1????????????????

V00(z)
U00(z)

??n????
????????

V0n(z)
U0n(z)

???????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????1 ???????????????????????????????
???????Borel???????????????
?????Borel????????V0n???? z??????????V  0n??????
??U0n????z???????????U 0n????V  0n?Borel?? eVn(p)  B V  0n(z)
? t =  1????????????????????????? L??
V  0n(z; ) 
Z  1
0
dp e pz eVn(p)  L  V  0n(z) ; (5.6)
1 ?????????????????????????????????(V;0k ; U0k)????????
?????
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? 5.3: p???????????????
????????????? eVn????????????????????????t = t1
?????(eV0; eU0) ??????????????
 i(e p   1)eV0(p) = 1 + Z p
0
dp
( 1X
n=1
( i)n eU (n)0 (p)
n!
)
  1  e
 p
p
i(1  ep)eU0(p) = 1 + Z p
0
dp
( 1X
n=1
ineV (n)0 (p)
n!
)
  e
p   1
p
(5.7)
????eV0(p)(n)? eV0(p)? n???????????????? eV0; eV1? p = 2i?
????????????????z ???? Borel??? p????????????eV0(p); eU0(p)? p????????????????p???????????????
???????????p = 2in (n 2 Z=f0g)??????????????????
Laplace??? ep  1??????????????????????Borel??????
??????Henon??????????????????[2i;i1]???????
????????Chernov??????? [148]?????Gelfreich-Sauzin??????
??????????????????????? [126]????V  0n(z)? Rez < 0??
Rez > 0???????????????????? 5.3???????p???????
??C??C0?????????????????????z????????????
?????????????????????????Rez > 0???????????
? 
Z

dp e pz eV0(p)???????????? p = 2in????????? (4.5) ???
?????????????Vn(n  1)????:
V (z; )  v(t; )  v00(t) 
1X
n=0
Vn(z; )e
 2in
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U(z; )  u(t; )  u00(t) 
1X
n=0
Un(z; )e
 2inz (5.8)
???????
Vn(z; ) 
1X
j=0
Vnj(z)
j ;
Un(z; ) 
1X
j=0
Unj(z)
j ; (5.9)
??????????? Vnj? z??????????????????????z???
?????? p-???????????? p-??????????????Vn; Un?V0; U0
? ??????????
???????????????????????????????? (U; V )???
(5.8)?????Ret > 0???????????????
v  v0(t; ) + v1(t; )e  2i t + v2(t; )e  4i t +   
u  u0(t; ) + u1(t; )e  2i t + u2(t; )e  4i t +    (5.10)
????(vn; un)????????? (4.5)?????e 
2ni

t?????????????
???????? (v1; u1)????????
v1(t) =  u1(t) cosu0(t)
u1(t) = kv1(t+ ) cos v0(t+ ) (5.11)
????

vne
  2ni

t
une
  2ni

t

?

Vne
 2inz
Une
 2inz

? z =1???????????????????
??? (vn(t; ); un(t; ))?????????????????????????????
??????????
vu(t) = v00(t) + 
2v02(t)
+ S(t)Re

4(1)
i
e
2it1
 x2(t)e
  2it


+ S(t  2T )Re

4(2)
i
e
2it2


T (k   1)2   (1 + k)
4k(k   1)

x1(t) + x2(t)

e 
2it


uu(t) = u00(t) + 
y1(t)
2
+ 2u02(t) + 
3

1
2
u002(t) 
1
24
y001(t)

+ S(t)Re
h4(1)
i
e
2it1


y2(t) + 
y02(t)
2

e 
2it

i
+ S(t  2T )Re
h4(2)
i
e
2it2

nT (k   1)2   (1 + k)
4k(k   1)

y1(t) + 
y01(t)
2

+

y2(t) + 
y02(t)
2
o
e 
2it

i
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????S(t)?????????(v00; u00)? (5.1)??????????????????
v02(t) =   124
[
x01(t)+x1(t)
{
kt 2pk (sinh
p
kt pk coshpkt)(cosh
p
kt pk sinhpkt)
(1+k) cosh2
p
kt 2pk sinhpkt coshpkt
}]
u02(t) = 124
[
2y01(t) y1(t)
{
kt 2pk (sinh
p
kt pk coshpkt)(cosh
p
kt pk sinhpkt)
(1+k) cosh2
p
kt 2pk sinhpkt coshpkt
}]
(5.12)
x1(t) =  2
p
k
 pk sinhpkt+ coshpkt
1 +

sinh
p
kt pk coshpkt
2
y1(t) =  2k sinh
p
kt pk coshpkt
1 +

sinh
p
kt pk coshpkt
2 (5.13)
x2(t) =   1
4k

sinh
p
kt 
p
k cosh
p
kt

+
1 + k
4
p
k
cosh
p
kt
1 +

sinh
p
kt pk coshpkt
2
+
1  k
8k

t  i
2
p
k

x1(t)
y2(t) =
1
4
p
k

cosh
p
kt 
p
k sinh
p
kt

+
1 + k
4
p
k
cosh
p
kt
1 +

sinh
p
kt pk coshpkt
2
+
1  k
8k

t  i
2
p
k

y1(t)
(5.14)
??(1)?(2)??????????
(1) = i43A1 + 
3

 (k   1)B2   kt1 + 1
12
B4

;
(2) =  i43A1 + 3

 (k   1)B2 + kt2   1
12
B4

; (5.15)
???????A1 = 0:27893; B2 = 0:14; B4 = 3:503????????????????
??????x 5.7?????
5.2 Melnikov????
????? ABAO??????????????????Melnikov????????
???????????? v0; u0???????????? ????????????
??????????
v0(t) 
1X
n=0
nv0n(t) ; u0(t) 
1X
n=0
nu0n(t)
?????????????? N 1????????????D  fRe(t  t1) < ; 0 
Imt  Imt1; arg(t   tc)   g?????????? (vu(t); uu(t))??? const  (1 +
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1
jt t1jN )
N ??????????????????? (4.5)??????????????
???
1X
n=1
1X
m=0
1
n!
n+m
dnv
(0)
m (t)
dtn
=   sin
 1X
m=0
mu(0)m (t)
!
1X
n=1
1X
m=0
1
n!
n+m
dnu
(0)
m (t)
dtn
= k sin
 1X
n=0
1X
m=0
n+m
m!
dmv
(0)
m (t)
dtm
!
(5.16)
???? v00; u00?????????????? (4.6????????????????
??????????????????????????????O()??
v001(t) +
1
2
v0000(t) =  u01(t) cosu00(t) ;
u001(t) 
1
2
u0000(t) = kv01(t) cos v00(t) ; (5.17)
O(2)??
v002(t) +
1
2
v0001(t) +
1
6
v00000(t) =  u02(t) cosu00(t) +
u201(t)
2
sinu00(t) ;
u002(t) 
1
2
u0001(t) +
1
6
u00000(t) = k

v02(t) cos v00(t)  v
2
01(t)
2
sin v00(t)

; (5.18)
????(4.6)?? v00; u00????????? 3???????????????k < 1
??????????????????????????k > 1???????????
??? (Appendix F)???????k 6= 1??????????????k ! 1   0??
???????????????????
????????2T  1p
k
ln 1+
p
kp
1 k > 0 ?????????????? v00(T ) = 0??
jv00(t)j; ju00(t)j < 1(t ! 1) ????????k < 1? ( ; 0)? (; 0)???????
??????
v00(t) =  2 tan 1
h
sinh
p
kt 
p
k cosh
p
kt
i
;
u00(t) = 2 tan
 1
" p
k
 pk sinhpkt+ coshpkt
#
; (5.19)
?????t = 1p
k
 
n+ 1
2

i; 2T + 1p
k
 
n+ 1
2

i; (n = 0;1;2;   ) ????????
???k = 1? v00; u00??
v00(t) = 2 tan
 1
"r
1 + tanh t
1  tanh t
#
;
u00(t) = 2 tan
 1
"r
1  tanh t
1 + tanh t
#
; (5.20)
?????????
t =

n+
1
2

i ;
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??????limk!1 0 T =1??????k < 1???? k = 1???????????
????????????k ! 1   0???? k = 1????????????????
?????????????????v00(T ) = 0??????????????????
1????????v00(0) = 0? v(t)???????????????????????
??k ! 1  0??2?????????1????????k = 1?????????
??????????? x 5.6?????????
???

v0k(t)
u0k(t)

(k  1)???????? 2???????1???????????
???????????
lim
t! 1

v0k(t)
u0k(t)

= 0 ;
?????? 1???(v00; u00)????????????????x 5.6????????
v0k(T ) = 0?????k ! 1  0?Ret >0 ?????? Stokes Multiplier????????
????v0(T ) = O(2)?????????????????????????????
???? (v00; u00)???
t =
1p
k

n+
1
2

i; 2T +
1p
k

n+
1
2

i ; T =
1p
k
ln
1 +
p
kp
1  k > 0
(n = 0;1;2;   ) ; (5.21)
??????????????? v01(T ) = 0?????????????? 1???"
v01(t)
u01(t)
#
=
1
4
"
 x1(t)
y1(t)
#
+ a
"
x1(t)
y1(t)
#
+ b
"
x2(t)
y2(t)
#
; (5.22)
???????????????x1; y1; x2; y2? x 5.1? (5.13)?(5.14)?????????
???????????jx2j; jy2j ! 1 (t! 1)????b = 0???????v01(T ) = 0
?????a = 1
4
??????
v01(t) = 0 ; u01(t) =
1
2
y1(t) ; (5.23)
????????? 2?????jv0kj; jv0kj ! 0 (t ! 1) ?????????????
????
v02(t) =   124
[
x01(t)+x1(t)
{
kt 2pk (sinh
p
kt pk coshpkt)(cosh
p
kt pk sinhpkt)
(1+k) cosh2
p
kt 2pk sinhpkt coshpkt
}]
u02(t) = 124
[
2y01(t) y1(t)
{
kt 2pk (sinh
p
kt pk coshpkt)(cosh
p
kt pk sinhpkt)
(1+k) cosh2
p
kt 2pk sinhpkt coshpkt
}]
(5.24)
?????x 5.6???????????v02(T ) = 0?????????????
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???????????????????????????????????????
????x 5.2???????????????????????? 2?????????
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??? 5.2??
t =
1p
k

n+
1
2

i; 2T +
1p
k

n+
1
2

i ; T =
1p
k
ln
1 +
p
kp
1  k > 0
(n = 0;1;2;   ) (5.25)
??????????????t1  1pk
n
log 1 
p
kp
1 k +
1
2
i
o
?? t2  1pk
n
log 1+
p
kp
1 k +
1
2
i
o
?????????????????????t = t1?????????????????
?? 1??? (5.23)? Laurent????????????
v01 = 0
u01 =   i
2
1
(t  t1) +
i(k   1)
4
+
i(k2 + 2
3
k   1)
8
(t  t1)    (5.26)
???????

v0n
u0n

(n  1)? t = t1? n???????????????
v0n(t) =
a
(n)
1
(t  t1)n +
a
(n)
2
(t  t1)n 1 +    ;
u0n(t) =
b
(n)
1
(t  t1)n +
b
(n)
2
(t  t1)n 1 +    ; (5.27)
?????????t = t1??????? v00; u00??????????????
v0(t; )  v00(t) 
1X
n=1
1X
l=0
a
(n)
l+1
(t  t1)n l
n
u0(t; )  u00(t) 
1X
n=1
1X
l=0
b
(n)
l+1
(t  t1)n l
n (5.28)
?????b(2n+1)l = 0?????????a
(0)
k ; b
(0)
k ????????????????(5.27)
????????? t = t1???????????????????????????
??????? t??????????????????????????????N 1
??????????????D  fRe(t  t1) < ; 0  Imt  Imt1; arg(t  tc)   g
???const 

1 + 1jt t1jN

N ??????[109, 111, 115]? standard map??????
?????????????????????????????????????????
????????????????????????????????????????
?????????????????????? (???????????2 ??????
???????????????????????? z  t t1

????????????
z? ?????? v0(t; )  v00(t); u0(t; )  u00(t)????????????
V0(z; )  v0(t; )  v00(t) 
1X
l=0
V0l(z)
l
2 ABAO???????????????????????????????????????????
????????????
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U0(z; )  u0(t; )  u00(t) 
1X
l=0
U0l(z)
l (5.29)
????????????????????????????V0l; U0l ???????
????????????V0l; U0l ????????? (5.32)???????????
(5.33)(5.34)  ??????z =  1?????????????
V0l(z) 
1X
n=1
a
(n)
l+1
1
zn l
;
U0l(z) 
1X
n=1
b
(n)
l+1
1
zn l
; (5.30)
??????????????(5.30)??????, V00; U00 ?????????????
????????????????V0l; U0l??????????????? l?????
????????????????????z; ??????????????????
??????????V00; U00??Melnikov????????????????????
???z n??????????????????n!1??????????????
???????????
???V0l; U0l????????????V (z; ); U(z; )?
V (z; )  v(tc + z; )  v00(tc + z) ;
U(z; )  u(tc + z; )  u00(tc + z) ; (5.31)
???????????
V (z; ) =   [sinU(z; ) cosu00(tc + z) + cosU(z; ) sin u00(tc + z)]
 v00(tc + z)
U(z   1; ) = k [sinV (z; ) cos v00(tc + z) + cosV (z; ) sin v00(tc + z)]
 u00(tc + (z   1))
(5.32)
?????????????????f(z) = f(z + 1)  f(z)???????(5.32)?
????????????????????????V0; U0??????(5.29)? (5.32)
?????
v00 = i log(kz
2
) ik   1
2
z + i
k2   2
3
k   1
8
(z)2 +    ;
u00 = i log(kz
2
) + i
k   1
2
z  ik
2 + 2
3
k   1
8
(z)2 +    ;
??????V0l; U0l????????????? 2???????
V00(z) = i
e iU00(z)
z
  i log

1 +
1
z

U00(z) =  ie
iV00(z+1)
z + 1
 i log

1 +
1
z

(5.33)
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V01(z) =

i
k   1
2
+
U01(z)
z

e iU00(z)   i
2
(k   1)
U01(z) =

V01(z + 1)
z + 1
  i1  k
2

eiV00(z+1) +
i
2
(1  k) (5.34)
V0l; U0l???????????????????????z =  1??????????
??????????????????????????????????????
???????????????????????? 1=z???????1=z????
? t = t1????Melnikov????????????????
Res

V0k(z)
U0k(z)

z=0
= Res

v0 k+1(t)
u0 k+1(t)

t=t1
(5.35)
???? (5.30)?????????????????????????????????
??? (5.32)? (5.29)?????????????????????(5.33)?(5.34)  ?
C[z][[z 1]]??????????????????C[z][[z 1]]? z???????? 1=z?
????????? formal????????????????????????????
????????
V00(z)  i
12z2
  107i
4320z4
+O

1
z5

U00(z)    i
2z
+
i
24z2
+
i
24z3
  191i
8640z4
+O

1
z5

(5.36)
V01(z)    i
24
kt1 + 1
z
+O

1
z3

U01(z)  i(k   1)
4
+
i
24
k(t1 + 1)
z
  i
48
k(t1 + 1)
z2
+O

1
z3

(5.37)
????????V0l?? U0l?????? Borel??????????????????
1=zn?????n???????? n!?????????????? jzj????????
????Melnikov??????????????3 ?
5.4 ??????????
?????V0l; U0l?????????Borel?????????????
5.4.1 Borel??????
????????????????? t =  1?????????????Borel??
?????V00(z); U00(z)?Borel?? eV0; eU0? Laplace??L????????????
3 Melnikov??????????????????????????????[149]???Melnikov??
????????????????????Melnikov??????????????? [104]? x 5???
????
88 ? 5? ????Harper???????????????????????
???
V00(z)  L[eV0(p)](z)  Z  1
0
dp e pz eV0(p)
U00(z)  L[eU0(p)](z)  Z  1
0
dp e pz eU0(p) (5.38)
?????eV0; eU0?????????????
 i(e p   1)eV0(p) = 1 + Z p
0
dp
( 1X
n=1
( i)n eU (n)0 (p)
n!
)
  1  e
 p
p
i(1  ep)eU0(p) = 1 + Z p
0
dp
( 1X
n=1
ineV (n)0 (p)
n!
)
  e
p   1
p
(5.39)
????eV (n)0 ? V0? n??????????????
eV (n)0 (p) = Z p
0
dxeV0(p  x)eV ((n 1))0 (x) (5.40)
Rez < 0?? 1=zn?Borel??B[1=zn](p)??
pn 1
(n  1)! = B

1
zn

; (5.41)
?????????V00; U00?Borel?? eV0; eU0??p????????????????
Laplace??????????????????Rez > 0??????????????
?????? t!1??????????????V00(z); U00(z)?Rez < 0, Imz < 0 ?
?Rez > 0??????????????????????Fig 5.3????????? p
?????????C??C0?????????????????? eV0; eU0?????
????????
??????????????????z????????????????????
?????????????????? 
2
[rad]???????????????????
???Rez < 0, Imz < 0??  +  < argz < 2 + ?????????????????Z  1
0
dp e pz eV0(p)! Z  1ei(=2+)
0
dp e pz eV0(p)  Z

dp e pz eV0(p) (5.42)
??? ?????????????
??????????????????????????t =1??????????
???????????????Harper??????????????????????
?????eV0(p)??? p ??????????????????????????Alien
derivative?????????????????????
?????????????????????Borel??? e pz??????? ?
????????????????????f(z) =
1X
n=1
an
zn
?
1X
n=0
ef(p) = an+1
n!
pn ????
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???????????????????4 ?Alien Derivative DA??
DAf(z) =  
Z

dp e pz eV0(p) ;
????????????????
????????????????????????????????????????
 
Z

dp e pz eV0(p);  Z

dp e pz eU0(p)??????? (5.32)???????
(z) =   (	(z) cosU0(z) cosu00(tc + z) 	(z) sinU0(z) sin u00(tc + z)) ;
	(z   1) = k ((z) cosV0(z) cos v00(tc + z)  (z) sinV0(z) sin v00(tc + z)) ;
(5.43)
???????? 2????????????????? 2??????????
 
Z

dp e pz eV0(p);  Z

dp e pz eU0(p)???eV0(p); eU0(p)???????p = 2i???
????????????????????????????????????????
??????
5.4.2 eV0(p)?eU0(p)???
??????????????????eV0(p)?eU0(p)??????Gelfreich??? Stan-
dard map?????????????????? [115]??????????????
?? 1
??DC?DC  fz 2 C : Imz   C (C > 1);  +   argz   g??????Harper
???????????? (Vu(z); Uu(z))? z !  1???????????????
(Vs(z); Us(z))? z ! 1?????????????????????????????
???????(Vu(z)  Vs(z); Uu(z) Us(z))??DC??????
 P1
n=0 
nwVnP1
n=0 
nwUn

??
?????????????fAng1n=0; fBn g1n=0 ??????wVn?wUn ?
wVn
wUn

=
nX
k=0
(
An k

V A1k(z)
UA1k(z)

+ Bn k

V B1k(z)
UB1k(z)
)
e i2z +O
 
e i4(1 )z

; (5.44)
?DC?????????????C; ???????????????C; ; n????
?????U1k(z)?V 1k(z); ( = A;B)???????????????????
 formal??
1X
n=0
n

V 1n(z)
U1n(z)

; ( = A;B)??(5.32)????????
4 f(z)??????????? ef(p)??????????????f(z)???? Gebrey-1 bound???
??????
90 ? 5? ????Harper???????????????????????


V A1n(z)
UA1n(z)

??DC ???????????????

V A1n(z)
UA1n(z)

=
1X
k=0

aVnk
aUnk

1
zn+1
(5.45)


V B1n(z)
UB1n(z)

??DC ???????????????

V B1n(z)
UB1n(z)

=
1X
k= n 1

bVnk
bUnk

1
zk
; fbVn; 1 = 0 (n  0); bVn;1 = 0 (n  1)g (5.46)
?? 1????n????Stokes Multiplier???????? [150]?
????????????????????????????Rez < 0??Rez > 0???
??????????????????????? e2iz
Z

dp e pz eV0(p);  e2iz Z

dp e pz eU0(p)
??(5.43)?  = 0??????? 2????? (V A10(z); UA10(z))?(V B10 (z); UB10(z))???
????????????DC??jzj =1??????????????C[z][[z 1]]??
????????????????
V A10(z) =  
1
z
+
1
6z3
+    ; UA10(z) =
1
z
  1
2z2
+
1
12z3
+    ; (5.47)
V B10 (z) = z  
1
540z3
+    ; UB10(z) = z +
1
2
+
1
12z
  1
24z2
+
11
2160z3
+   
(5.48)
????V^A; U^A?
 
Z

dp e pz

V^(p)
U^(p)

= e 2iz

V 10(z)
U10(z)

; (5.49)
???????????
eVA(p) = 1
2i
ln(p  2i) +    ; (5.50)
eVB(p) = 1
2i
1
(p  2i)2 +    ; (5.51)
????????????eV0??eV0(p) = A0 V^A(p) + B0 V^B(p) +    (5.52)
=
1
2i

B0
(p  2i)2 + 
A
0 ln(p  2i)

+    ; (5.53)
??????????????V00(z)? 1=z????????????????????eV0(p)? p????????????????????eV0(p)??
eV0(p) = 1
2i

B0
(p  2i)2 +
B0

(p+ 2i)2
+ A0 ln(p  2i) + A0  ln(p+ 2i)

+   
= ReB0 f
(R)
1 (p) + Im
B
0 f
(I)
1 (p)  ReA0 f (R) 1 (p)  ImA0 f (I) 1 (p) +    ; (5.54)
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????????(5.54)????????
f
(R)
j (p) =
j!
2i

1
(p  2i)j+1 +
1
(p+ 2i)j+1

; (j = 0; 1; 2;   )
f
(I)
j (p) =
j!
2

1
(p  2i)j+1  
1
(p+ 2i)j+1

; (j = 0; 1; 2;   )
f
(R)
 1 (p) =
i
2
[ln(p  2i) + ln(p+ 2i)] ;
f
(I)
 1 (p) =  
1
2
[ln(p  2i)  ln(p+ 2i)] ;
??????????(5.54)???p = 2i???????????????p = 2i?
??????????????f ()lj (p) ( = I; R; l; j = 0; 1; 2;   )?
 
Z

dp e pz f (R)lj (p) = z
je 2liz ;
 
Z

dp e pz f (I)lj (p) = iz
je 2liz ;
?????jpj < 2????????????????????????(5.54)?????
??????
eV0(p) = M + 1X
n=0

iImB0
43
(2n+ 2) +
iImA0
(2n+ 1)

( 1)n
 p
2
2n+1
+
1X
n=1

iReB0
43
(2n+ 1) +
iReA0
2n

( 1)n
 p
2
2n
; (5.55)
???????????? 2????????M =   iImA0
4
+
iReB0
43
  iReA0
2
log(42)??
??????eU(p)???????????????????
eU0(p) = 1X
n=0
(
iImB0
43
(2n+ 2)  iIm
 
A0 + 
B
0 =12

(2n+ 1)
+
iReB0
42
)
( 1)n
 p
2
2n+1
+
1X
n=1
(
iReB0
43
(2n+ 1)  iRe
 
A0 + 
B
0 =12

2n
  iIm
B
0
42
)
( 1)n
 p
2
2n
+M 0 ; (5.56)
???M 0 = M + iIm (2
A
0 +
B
0 =12)
4
  iImB0
42
????
??????????????A0 ; B0 ? (5.56)? (5.39)??????????????
????
eV0(p)  1X
n=0
anp
n; eU0(p)  1X
n=0
bnp
n ;

a0 = 0; b0 =   i
2

? (5.39)????????????an?bn??????????????????
ia2n+1( 1)n(2)2n+1 !  (2n+ 2)A1 + A2
2n+ 1
(n!1)
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ia2n = 0 (8n) (5.57)
ib2n+1( 1)n(2)2n+1 !  (2n+ 2)A1 + A2
2n+ 1
(n!1)
ib2n( 1)n(2)2n ! A3 (n!1) (5.58)
???A1 = 0:27893; A2 = 0:417; A3 = 0:87628????(5.55)? (5.57)??(5.56)? (5.58)
?????A0?B0 ??
B0 = 4
3iA1 ; 
A
0 +
B0
12
=  A0 = iA2 ; B0 = 42iA3 ; (5.59)
???????????(5.59)? 1??? 3????????A3=A1 = B0 =B0 = ???
?????????????????A3=A1 = 3:1416???????A1; A3??????
??????????????????1???2??????? (6A2)=(2A1) = 1???
?????(6A2)=(2A1) = 0:909?????????? 1???????????A1; A3
? n??????????????????A2? 1=n????????????????
A2????A1?????????????????5 ????? eV0; eU0???????
?????????n??? 3????? (???? n; n0; 1=n ????)??????
?????????eV0; eU0?????? f (I)1j (p) (j   2; ) ? f (I)lj (p) (l  2; )??????
?????????????????????????f ()lj (p) ( = I or R)??????
f
()
lj (p) 
1X
n=0
1
n2(2l)n
pn; (j   2)
f
()
lj (p) 
1X
n=0
nj
(2l)n
pn; (j   1)
?????????f ()lj ??????? pn???????? [f
()
lj ]n ?????n????
????????????????????
[f
()
11 ]n  [f ()10 ]n  [f ()1; 1]n  [f ()20 ]n    (5.60)
???? eV0; eU0??????????? f (I)1j (p) (j   2) ?? f (I)lj (p) (l  2) ?????
?????????????????????????????(5.60)?????? z?
???????f ()lj ??????? jzj??????????????????????
?????????Im(t  tc) < 0????
n
(t  tc)n  e
 2i(t tc)
 ;
??????? ???????????????????????e 2iz???? n?
??? a=zn????????????????????? p ?????? (5.60)???
5 (5.57) ?????????1=(2n + 1) ??? A2 ??n ???????  (2n + 2)A1 ???????
??????????????????????????(5.57)??  (2n + 2)A1 ?????A2=(2n + 1)
??????????? o(1=n)???????????????????????a2n+1( 1)n(2)2n+1?
b2n+1( 1)n(2)2n+1 ? 1=(2n+1) ???????A1????????????????????(5.59)?
2??????????? A2 ?????
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 e 2iz
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i
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f
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eU0(p) =  A0
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(I)
 1 (p) +
B0
i

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(I)
1 (p) 
1
2
f
(I)
0 (p)
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(5.61)
????? eV0; eU0? p??????????????????????????????
? p??????????????????????????????????????
??????????eV0; eU0??????????????????????eV0; eU0??
??????????????????????????????
5.4.3 ?????????
?????Melnikov??????????????????V0n(z)?U0n(z)???? z
?????????? V  0n(z)?U 0n(z)?????? z =  1?????????Borel?
?? eVn(p)?eUn(p)??????? 1???????????z = +1??????????
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 eVn(p)eUn(p)

= e 2iz
1X
n=0
n

V1n(z)
U1n(z)

+    ; (5.62)
??????????????? Imz  0??e 2iz???????????????
??e ipcz (pc > 2)???????????????? 1???????eV0(p)?eU0(p)?
???????????????6 ??????? V11(z)??? U11(z)??
V11(z)
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
= A0

V A11(z)
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
+ B0

V B11 (z)
UB11(z)

+ A1

VA(z)
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
+ B1

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???????????????V 11(z); U11(z) ( = A;B)??
V 11(z) =
U11(z) +
k 1
2
zU(z)
z
e iU00(z)   iU(z)U01(z)
z
e iU00(z) ;
U11(z   1) =
V 11(z) +
1 k
2
zV(z)
z
eiV00(z) + i
V(z)V01(z)
z
eiV00(z) (5.64)
????V 11(z) ( = A;B)?????? z?1=z??????????jzj ! 1??????
V11(z)
U11(z)



B1 z +
k 1
6
B0 z
2
B1 z   k 16 B0 (z2 + z)

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????????z m (m  0)????????????7 ?
6 ???? (5.62)????  = 0?????????
7 ??????????eV1 ?eU1??????????? n2????????? 1=n?????????
????????????????????????????????????????????????
???????
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???????????????? V00(z)?U00(z)????????(5.34)?????
???????????Appendix H?????????V01(z)?U01(z) ????????
V  01(z)
U 01(z)

= i
(
kt1 + 1
24

V A10(z)
UA10(z)

+
k   1
2

V B10 (z)  z
UB10(z)  (z   12)
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; (5.66)
????????

V A10
UA10

?
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V B10
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
?????????????V01(z)?U01(z)???
?????????? A1?B1 ?????Appendix G????
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V 10(z)
U10(z)

( = A;B)?
?????????????Borel??? p?????????????????(5.65)?
??eV1(p)?eU1(p)? p = 2i ??2????????????????? eV1(p)eU1(p)
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=  44(k   1)B1f (I)2 (p)

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 1

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
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1
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
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
0
1
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?????V11(z); U11(z)??
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
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
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; (5.68)
????????B1??B4??V A10?UA10?V B10 z?UB10 z 1=2?Borel??? p = 2iz
??????????????????????Appendix G??
B1 = 0:01480; B2 = 0:14; B3 = 0:186; B4 = 3:503 (5.69)
???(5.68)? (5.65)???????????????
B0 = 24
4iB1 = 6
3iB3
B1 =  (k   1)3B2  
kt1 + 1
12
3B4 (5.70)
(5.70)?????B0 ??????????????????????????
A1
6B1
? 2A1
3B3
? 1????????????
A1
6B1
= 0:99987 ' 1 ; 2A1
3B3
= 0:99974 ' 1 ;
?????????????????????????????eV1(p)?eU1(p)??
eV1(p) = iB0 (k   1)
6
f
(I)
2 (p) + 
B
1 f
(R)
1 (p) ;
eU1(p) =  iB0 (k   1)
6

f
(I)
2 (p)  f (I)1 (p)

+ B1 f
(R)
1 (p) ; (5.71)
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5.4.4 ????????
??????Resurgence?????? V00?U00?V01?U01?Borel??????? V10?
U10?V11?U11??????A0?B0?A1?B1 ?????????????V00?U00?V01?
U01????????????????????A0?B0?B1 ???8 ??????V (z; )?
U(z; )? z = +1???????????????????????
V (z; )
U(z; )



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
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
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????????????? 1????
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A
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+ (B0 + 
B
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
z + 
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6
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
;
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5.5 ?????????????
5.5.1 t = t1?????????????????
?????t = t1???????????????????????????????
z = +1???????????????V = V0+ e 2izV1+   ?U = U0+ e 2izU1+   
???????????v; u?????????????
v(t; )  v0(t; ) + v1(t; )e  2i t + v2(t; )e  4i t +   
u(t; )  u0(t; ) + u1(t; )e  2i t + u2(t; )e  4i t +    (5.73)
????2????? ?Re t = Re t1?????????????????????vk?
vk 1????? ?????????????e
2it1
 ??????????????(5.73)
??e 
2it
 ???????????????????????????????????
?? e  2it ??????????????????e  2it ??????????????
???????????
v1(t) =  u1(t) cosu0(t)
u1(t) = kv1(t+ ) cos v0(t+ ) (5.74)
????f(t) = f(t+ )  f(t)???????????????
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8 A1 ??????????????????
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v1n(t)
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???????????????? j????????? (5.75)???????????
?????????(5.77)? (5.74)?????????????v10; u10; v11; u11???
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v010(t) =  u10(t) cosu00(t) ;
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1
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1
2
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
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???????x1(t)?y1(t)?x2(t)?y2(t)? (5.13)?(5.14)???????????0???
?????????????? (5.76)??
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???????(1)  B0 + B1 ????
5.5.2 t = t1?????
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?????????????? t = 0???????????????????????
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5.6 ??????????????
x 4.1????????????????????? Stokes Multiplier(1); (2)????
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? 5.7?? 5.8?? = 0:30????k = 0:3; 0:85; 1:0  5:0 10 11????????
????????????????? ( ; 0)????????????????????
?????????????( ; 0)????????????????????????
k ???????????????????????????????
lim
t!+1
u1(t)
v1(t) + 
=  
p
k   k
2
 ;
?????????????
-4
-3
-2
-1
0
1
2
3
4
-4 -3 -2 -1 0 1 2 3 4
u
v
-4
-3
-2
-1
0
1
2
3
4
-4 -3 -2 -1 0 1 2 3 4
u
v
? 5.7: Borel?????????????? ( ; 0)?????????????????
???  = 0:3; k = 0:3???????? = 0:3; k = 0:85????
5.7. ???????????????????????? 103
-4
-3
-2
-1
0
1
2
3
4
-4 -3 -2 -1 0 1 2 3 4
u
v
? 5.8: Borel?????????????? ( ; 0)?????????????????
? = 0:3; k = 1:0  5:0 10 11?
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???????????????????????????????????k  1;  6= 0
???(; 0)??????????????????? ( ; 0)????????? (0; )
????????????????????????? (5.87)?????k? 1?????
????????????????????????????????? ( ; 0)????
??????k? 1??????????????? u??v = 0???????????
?? t = T (k)???????? lim
k!1 0
T (k) =1?????? u????????????
???t = T (k)?? lim
k!1 0

v00(T )
u00(T )

=

0


; lim
k!1 0

x2(T )
y2(T )

=
 1
 1

????
??k  1????(0; )??????????????????????????????
?????? (0; )??????????????(0; )???? t = t1?t1???????
104 ? 5? ????Harper???????????????????????
???????????????????????????????( ; 0)??????
??t = t2; t2?????????????????????????? lim
k!1 0
Re t2 =1??
? 5.9? k = 1:0   5:0  10 11?k = 1:0   1:4  10 12 ??? (0; )????????
?????????????????????(; 0)???????? (0; )?????
??k? 1?????????????k = 1???????????????????
??(5.87)??k  1; t > 2T ??????????? 5.9? t < T ??????????
k = 1:0  1:4 10 12???(5.87)? t > 2T ????????????????????
?????????????
(x10^-5)
(x10^-5)
-2
-1.8
-1.6
-1.4
-1.2
-1
-1 -0.5 0 0.5 1 1.5
u
- pi
v
(x10^-5)
(x10^-5)
-3
-2.5
-2
-1.5
-1
-0.5
0
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
u
- pi
v
? 5.9: Borel?????????????? ( ; 0)?????????????????
???  = 0:3; k = 1:0  5:0 10 11???????? = 0:3; k = 1:0  1:4 10 12?
???
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?6? ??????
? II????Borel??????ABAO?asymptotics beyond all orders???????
????Harper??????????????????????(; 0)????????
????????????? ??????????????????????????
???????Stokes????Stokes????????? t??????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????? 2???????????????? Borel?????
??????????????????????????????????????? k
?????? k = 1?????????????????? ( ; 0)??????????
??????????????????????????k  1???????????
???? 2??????????????????( ; 0)??????????????
??????????(0; )???????????????????????????
? (0; )???????k = 1???????????????????????????
?????????????????????????k? 1????????k = 1??
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????? Stokes
multiplier?SM???t =  1?????????????? k ! 1?????????
?????????????????????? t =  1?? 2????? SM????
????????????????????????????????????????
???????
?????????????????? y0 
1X
n=0
ny0n??????????????
???
 y0n???????????????????
 0 <  2 R;  2 R???????? t = tc?????y00; y01   ????????
????
y0n =
a
(n)
1
(t  tc)n+ +O

1
(t  tc)n+ 1

;
??????
???????????????????????????R2??R2????C2??
C2??????????????????????????? = 1;  2 Z??????
106 ? 6? ??????
????????????????????????? [152]???? f(x)????
y(t+ )  y(t) = p(t)
p(t+ )  p(t) = f(y(t+ )) ; (6.1)
??????????????????????????tc?????????????
????n 2 f0g [N; m 2 Z??????j  n???? y0j??t = tc?m+ j   n??
??????????????y0j (j < n)?????????????????????
???????????jy0j(z + tc) / n m=zm+j n ??????yu????????
???????
u(z; ) 
 
yu(z + tc) 
n 1X
j=0
y0j(z + tc)
j
!
m n ;
?????
u(z; ) 
1X
j=0
0j(z)
j ; (6.2)
???????????0j???????????????????????C[z][[z 1]]?
???????????????????????

y0(z + tc) 
Pn 1
j=0 y0j(z + tc)
j

m n
? z =  1??????????
?????

y0(z + tc) 
Pn 1
j=0 y0j(z + tc)
j

m n? (6.1)???????????
?????????????????????????????????????????
????
??A : 9 lim00(z) = lim
!0
u(z; ) ;
???????????????
9	00 = lim
!0
 
r+1pu(z + tc)  rys()

; ys(t)  y0j(t)j ;
?????????r = m   n?????g(z)  g(z + 1)   g(z)?????????
(6.1)?? 2????????????????
lim
!0

r+2f

0(z + 1; )
r
+ ys(z +  + tc)

  r2ys(z + tc)

; (6.3)
?????????????
??B z = 1?????
?C???????8(z; a) 2 
C?????
9eq lim
!0
n
r+2f
 a
r
+ ys(z +  + tc)

  r2ys(z + tc)
o
; (6.4)
?????
C?? f(x)  0???????????????
???????????????
00(z) = 	00(z) (6.5)
	00(z) = S (00(z + 1); z) (6.6)
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?? A,B?????????????????f(x)?N????????????N = 2; 3
????? A,B?????
???
r+2f
 
 r0(z + 1; ) + ys(z + 1)

(6.7)
= r+2 Nr
 
00(z + 1)
N +   + y^s(z + 1)N
 (1 + O()) (6.8)
????0???????????
r + 2  rN = 0
?????(N; r) = (2; 2); (3; 1)????
???Gelfreich [113]??????N  4????????????????????
?????
????????????????ABAO??Borel???????????????
????????????????????????????????????????
?????????????????????????????????Birkho???
?????????????????????????????????????????
?????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???ABAO??????????????????????????????????
???optimal??????????????
???????????????????????????????????????
?????Arnold???????????????????????????Arnold??
????????????????????????????????????????
????????????????????????????????????????

?III?
??
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???????????????????????????????????????
??????????????????????????????????TLM????
????????????????????????????????????????
????????????Harper??? homoclinic tangle?????????????
????????????????????????????????????????
??????????????C*??????????????Borel????????
??????????????????
? I?????????????????????????????????TLM??
????????????????????????NESS??C*??????????
(1.4)??????????????????????????????????????
????????????????????????????????????????
??????????????????????????????
???????????????????????????????????????
?????? A??????????????????????????????????
?????????????????????????????????????????
??????????????????? B????????????????? C ??
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????
???????????????????????????????????????
????????????????????????????????????????
????????????
???????????????????? ???????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????XY?? extended Hubbard ???????
????????????????????????????????????????
Lindblad??Keldysh??C*?????????????????????
? II?????????????????????????????????????
??????Harper??? homoclinic tangle????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????Harper???????????????????????
????????????????????????????????????????
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????????????????????????????????????????
??Borel??????ABAO (Asymptotics beyond all orders)??????????
??????????????????????????????? k???????
?????? k = 1???????????????????????????????
????????????????????????????????????????
??????????????????????????????????
????Borel????????????????????????????Harper?
??????????????????????????????????????Borel
????????????????????????????????????????
??????????????????? jtj = 1?????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????Harper?????? Stokes???????????
???????????? Borel?????????????????????????
????????? k = 1?????k???????????????????????
?????????????????????????????? Stokes???????
????????????????????????????????????????
????????????????????????????????????????
?????????????????? k = 1???????????????????
????????????????????????????????????????
?????????????????????????????ABAO????????
?????????Arnold????????????????????????????
??????? I???????????????????????????????
???????????????????????? II????????? k?????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????
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? ?A ????????
????????TLM???????? SSH??????????????SSH(HS)?
2???? (HB)?????????? (V )????Hamiltonian????????
H = HS + V +HB
HS =  
N+1X
n= 1

tn+1;nC
y
n+1Cn + (h:c:)

+
K
2
LX
n= 1
(yn+1   yn)2 + M
2
LX
n=0
_y2n
V =
Z
dk

vkC
y
0akL + wkC
y
LakR + (h:c:)

;
HB =
X

Z
dk !ka
y
kak ; (A.1)
????Cn?n??????????????? (cf. C 1  0; CL+1  0)?ak ; ( = L;R)
???????? k??????????yn ? n???????????????Su?
Schrieer?Heeger [49, 50]??tn+1;n ???????????????????:
tn+1;n  t0   (yn+1   yn) :
Takayama et al.[53]??????????  2t0 cos[(k  kF )a]  vfk?????right-
moving? left-moving???? L(2na)? R(2na)??????????yn = ( 1)n4(na)
?????a?????????????????????L   1 (mod 4)???????
a?????????????Hamiltonian (A.1)??
H
(e)
S '
Z l
0
dx

 yL(x);  
y
R(x)

 2iat0y @
@x
+ x(x)

 L(x)
 R(x)

H
(ph)
S '
K
82a
Z l
0
dx(x)2 +
Z l
0
dx
M
322a
_(x)2
V ' pa
X

Z
dk
h
vk

 i yL(a) +  yR(a)

akL + wk

 yL(`)  i yR(`)

akR
i
+ (h:c:)
HB =
X

Z
dk !ka
y
kak : (A.2)
???????????????C 1  0?CL+1  0??
 L(0) + i R(0) = 0; i L(l) +  R(l) = 0 ; (A.3)
???????`  a+Na???????N  +1 (mod 4)?????????????
????????????????????????????????????????
114 ? ?A ????????
?????? d(x)?e(x)?????
C2n 1 = ( 1)n
p
2a d(2na) = ( 1)npa[ L(2na) + i R(2na)]
C2n = ( 1)n
p
2ae(2na) = ( 1)npa[i L(2na) +  R(2na)] (A.4)
?????????Fermi?? v  2at0????????   42a=vK????????
!0 
p
4K=M???????????? vk 
p
2avk ?wk 
p
2a wk??????(A.2)?
(A.3)????Hamiltonians (2.1)?(2.4)?(2.5)??????? (2.2)??????
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? ?B Coulomb?????????
?????
??????? V ?????????????? L   R =  eV ?????????
????????????? L?R??????????????L+R = 0????
????????????????????????????????????????
??????(2.31)???? eS??????????????????????????
???????????

	y(x)	(x)

1 =
Z !c
j0j
d
2v
p
2  20
(fL() + fL( ) + fR() + fR( )) ; (B.1)
?????????L = R = 0??????? 4??Fermi??????? 2??????

	y(x)	(x)

eq
=
Z !c
j0j
d
v
p
2  20
; (B.2)
?????????

	y(x)	(x)

1  


	y(x)	(x)

eq
= (1  e (L+R)=T )
Z !c
j0j
d
v
(fL()fR( ) + fL( )fR())
2
p
2  20
; (B.3)
??????? L =  R????????????????????
??????????? SSH?????????????????? !c ??????
???????SSH??????????????????????

d+(x)d(x)

=


e+(x)e(x)

=
1
2v
Z !c
j0j
d
p
2  20
 !c
2v
;
(A.4)??????? v = 2at0????????

C+2nC2n

=


C+2n 1C2n 1
  !c
2t0
:
?????????????? !c = t0????????????????? 1/2???
???????? SSH???????????
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? ?C Green?????
??? x2.5?????????
v
@
@x
+(x)

1(x) = !2(x)
 v @
@x
+(x)

2(x) = !1(x) ; (C.1)
?????x1(0) = 0; y2(`) = 0??????? 2? (x1(x); y1(x))T?(x2(x); y2(x))T ???
????(2.19){(2.22)?????Green????????incoming eld? (2.23)?(2.24)?
(2.25)?(2.26)????????????????????? 3????????????
???????????????????? (x1(x); y1(x))T?(x2(x); y2(x))T ??????
???????????? ex  x  `????
C.1 ???
(x) = 0?????????????????
x1(x)
y1(x)

=

! sinx
v cosx+0 sinx


x2(x)
y2(x)

=
  v cosex+0 sinex
! sinex

????????
C.2 ?????
D  v @@x +(x)????(x) = 0 tanhs(x  a)????????
D+D  =  v2 @
2
@x2
+ v0s sech
2s(x  a) + 20 tanhs(x  a)
D D+ =  v2 @
2
@x2
  v0s sech2s(x  a) + 20 tanhs(x  a)
????0 = vs???
D+D  =  v2 @
2
@x2
+20
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0 =  vs???
D D+ =  v2 @
2
@x2
+20
???????0 = vs??????????????
D+D 2(x) =

 v2 @
2
@x2
+20

2(x) = !
22(x)
D 2(x) =

 v @
@x
+(x)

2(x) = !1(x)
???v 
p
!2  20???????????????????
x1(x) =
1
!

(v)2
(0)
+ (x)

sinx+ (v)

(x)
(0)
  1

cosx

y1(x) = sinx+
v
(0)
cosx
x2(x) =
1
!
[(x) sin(x  l)  v cos(x  l)]
y2(x) = sin(x  l) ;
?????????????????????????? = ie????e?????
???????????? i?????
x1(x) =
1
!
 (ve)2
(0)
+ (x)

sinh ex+ (ve)(x)
(0)
  1

cosh ex
y1(x) = sinh ex+ ve
(0)
cosh ex
x2(x) =
1
!
[(x) sinh e(x  l)  ve cosh e(x  l)]
y2(x) = sinh e(x  l) ;
??????
C.3 ??????
D  v @@x +(x)??
(x) = 0   0v ftanh0(x  a+ x0)  tanh0(x  a  x0)g
 0   0v(t+   t )
????tanh0x0 = v00+!B ???? !B???????
tanh 20x0 =
v0
0
; cosh 20x0 =
0
!B
; sinh 20x0 =
v0
!B
(t+   t ) = v0
!B
1
c+c 
;
1
c+c 
0
!B
= 1  t+t 
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????????????
D+D (x) =  v2 @
2
@x2
+ v
d(x)
dx
+(x)2
????????
v
d(x)
dx
=  (v0)2

1
c2+
  1
c2 

(x)2 = (v0)
2(t+   t )2   2(v0)0(t+   t ) + 20
??????D+D ??? 2???
v
d(x)
dx
+(x)2 = 2(v0)
2(t2+   t+t )  2(v0)0(t+   t ) + 20
= 2(v0)
2

t2+   t+t   
0
!B
1
c+c 

+20
= 2(v0)
2

t2+   t+t   
c+c    s+s 
c+c 

+20
=  2(v0)
2
c2+
+20
??????????????????????????
(v)2  !2  20 > 0??
2(x)??????? 
D2 + 2 +
220
c2+

2(x) = 0
????2(x) = eixG?????G ??
D2  2iD + 2
2
0
c2+

G = 0 ;
????????? 
D2  2iD + 2
2
0
c2+

(t+) = 2i0 1
c2+
D2  2iD + 2
2
0
c2+

(1) = 220
1
c2+
??????2(x)??
eix

t+  i 
0

?????????????????????1(x)??
eix
0  iv
!

t   i 
0

;
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??????????????????????????
x1(x)
y1(x)

=

eixf (0)f (x)  e ixf (0)f (x)
eixf (0)f+(x)  e ixf (0)f+(x)


x2(x)
y2(x)

=

eix˜f+(`)
f (x)  e ix˜f+(`)f (x)
eix˜f+(`)
f+(x)  e ix˜f+(`)f+(x)

????????  0 iv
!
; f(x)  t  i 0 ??????????????????
????????? = ie????e??????????????????
x1(x)
y1(x)

=

e˜xf +(0)f  (x)  e ˜xf  (0)f +(x)
+e
˜xf +(0)f+ (x)   e ˜xf  (0)f++(x)


x2(x)
y2(x)

=

 e˜x˜f++(`)f  (x)  +e ˜x˜f+ (`)f +(x)
e˜x˜f++(`)f+ (x)  e ˜x˜f+ (`)f++(x)

???f???f = t  ˜˜0 ;  = 0v˜! ????
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? ?D ???????
?????(2.42)???????????????????????????????
????????(2.46)??????????????????????????????
????????????????????????????????x 2.9.2?????
?????????????????? V ?????????? I ????
I(0)  V (0) =  0
 @S
@V

0
 @J
@0

V
. @J
@V

0
; (D.1)
???????????
eT
sinh

eV
2T
  @S
@V

0
=
Z !c
j0j
dp
2  20
e2 sinh


T

n
cosh

eV
2T

+ cosh


T
o2 > 0

@J
@V

0
=
G0
T
Z !c
j0j
d
p
2  20

1 + cosh

eV
2T

cosh


T

n
cosh

eV
2T

+ cosh


T
o2 > 0
e0
sinh

eV
2T
  @J
@0

V
=  
Z !c
j0j
d
2G0
2
0

p
2  20
n
cosh

eV
2T

+ cosh


T
o < 0 ;
??????I(0) > V (0) ??????????????????????????
?????????????
???(2.46)????????????????????????????????
0

@S
@V

0

@J
@0

V
. @J
@V

0
=
2r
r2   1
Z r
1
dx
p
x2   1
x
 
p
r2   1

; (D.2)
??????? (r  jeV=20j > 1)?
I(0) = 2
 !cp
!2c  20
  1

+
2r
r2   1
n
r   1
r
 
Z r
1
dx
p
x2   1
x
o
= 2
 !cp
!2c  20
  1

+
2r
r2   1
Z r
1
dx
n
1 +
1
x2
 
p
x2   1
x
o
= 2
 !cp
!2c  20
  1

+
2r
r2   1
Z r
1
dx
1 + 3x2
x2(x2 + 1 + x
p
x2   1) > 0 :
???????????????????????????
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? ?E Sommerfeld???????
x 2.9.3?????? 1??????????? (2.47):
0 =
N
2
=
1
2
+
1
2
S(0; V; T ) =
1
2
 
Z !c=T
0
d

sinh 
cosh( eV
2T
) + cosh 
????????????????Appenedix???????????
1
2
=
Z 1
0
dx
x
sinh !cx
T
cosh( eV
2T
) + cosh !cx
T
????????? = !c=T; V = eV=(2!c)??????????????
1
2
=
Z 1
0
dx
x
sinh x
cosh(V ) + cosh x
=
1
2
Z 1
0
1
x

tanh
(x  V )
2
+ tanh
(x+ V )
2

?? 3???????????????????
E.1 Sommerfeld??
??????????? Sommerfeld???????????????? (2.47)???
?? 0????????????????????????? E.2?????
Z(; V ) 
Z 
0
dx f(x)
sinh x
cosh(V ) + coshx
????????????f(x)?
9 > 0; lim
x!1
x1+f(x)
sinh x
cosh(V ) + coshx
= 0
???? 0 <  < ???????????????  1=(V )???????????
???????????Sommerfeld?????????? ????????????
???????????????Z(; V )????????????
Z(; V ) =
Z 1
0
dx f(x)
sinh x
cosh(V ) + cosh x
=

F (x)
sinh x
cosh(V ) + cosh x
1
0
 
Z 1
0
dx

4
F (x)

sech2
(x  V )
2
+ sech2
(x+ V )
2

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 F () sinh 
cosh(V ) + cosh 
 
Z 1
0
dx

4
F (x) sech2
(x  V )
2
+ O

e V

= F () 
Z 1 V
 V
dx

4
F (V + x) sech2
x
2
 F () 
Z V
 V
dx

4
F (V + x) sech2
x
2
+ O
 
e K

;

K  min(V ; 1  V )

 F () 
1X
n=0
F (n)(V )

4 n!
Z 1
 1
dx (x)nsech2
x
2
?O

e V

= F () 
1X
n=0
F (n)(V )
1
n!
Z 1
0
dx (2x)nsech2x
= F ()  F (V ) 
X
n:even
2n
n!
F (n)(V )21 n(1  21 n) (1 + n)(n)
= F ()  F (V ) 
1X
n=1
2F (2n)(V )(1  21 2n)(2n)
???F (x) 
Z x
0
f(y)dy; F (n)  d
nF
dxn
????
? 1??F (x+ V )????????????????x < V????????????
???????????????????????K????????????????
?2??x 2.9.3???e ; e (1 V ); ( = !c=T )?????????????Z(; V ) F ()
? V ??????????????? 
 
V

??????
?????????F (x) = log x????F
 
x+ V

?????? V ????????
??????????????F (n)(V ) =  (n  1)!n??????
Z(; V )    log V +
1X
n=1
(2n)!
n
(1  21 2n)(2n)2n ;
???????????
an  1  2
1 2n
n
(2n)!(2n) ;
? n???????????
an =
2n(22n 1   1)Bn
n
 4pn(2n)2n 1
??????Z(; V )??????????? 0???????????????????
??????????
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E.2 ???????
??????????
S()  1
2
Z 1
0
1
x

tanh
(x  V )
2
+ tanh
(x+ V )
2

=  
4
Z 1
0
log x

sech2
(x  V )
2
+ sech2
(x+ V )
2

?  = 1=( V )??????????????????????????????????
S()????????????????????2????
 
4
Z 1
0
log x sech2
(x+ V )
2
dx   
4
Z 1
0
log x dx
Z 1+V
V
sech2
x
2
dx
 
Z 1
V
e xdx
= e 1=
???????????????????1????
I   
4
Z 1
0
log x sech2
(x  V )
2
dx
=  
4
Z V
 V
log(x+ V ) sech2
x
2
dx  
4
Z 1 V
V
log(x+ V ) sech2
x
2
dx (E.1)
????????(E.1)? 1????
 
4
Z V
 V
log(x+ V ) sech2
x
2
dx =   1
4
Z 1
 1

log V   x
2
2
+ log(1 + x) +
x2
2

sech2
x
2
dx
=   1
4
Z 1
 1

log V   x
2
2

sech2
x
2
dx+ E1
=   log V + 
2
6
2 + E1 +
1
2
Z 1
1

log V   x
2
2

sech2
x
2
dx
=   log V + 
2
6
2 + E1  
  2 log V + 1 + 2+ 22 e 1=
??????????E1    1
4
Z 1
 1

log(1x) +
x2
2

sech2
x
2
dx????????E1??
??????????????A2  1=3?????
A
y4p
1  y2    log(1 + y)  log(1  y)  y
2  0; (0  y  1)
????????
E1 =   1
4
Z 1
 1

log(1 + x) +
x2
2

sech2
x
2
dx
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=   1
4
Z 1
0

log(1 + y) + log(1  y) + y2 sech2 y
2
dy
<
1
4
Z 1
0
Ay4p
1  y2 sech
2 y
2
dy
<
1

Z 1
0
Ay4p
1  ye
  y
 dy
=
2

Z 1
0
A(4y3   y4=)
p
1  ye  y dy
< 23
Z 1=
0
A(4z3   z4)e ydy
=
2A
e
3
???????????A = 1=
p
3?????
E1 <
2
e
p
3
3 <
3
2
????????(E.1)? 2???? 4
Z 1 V
V
log(x+ V ) sech2
x
2
dx
 < 

Z 1 V
V
log(x+ V )  dx
Z 1
K
e xdx
= e K
2V   1  2V log 2V  < e K
??????????K  min(V ; 1  V )????????????I     log V + 26 2
 < 32     2 log V + 1 + 2+ 22 e 1=
+ e K
jS()  Ij < e 1= (E.2)
???V < 1=2????K = 1=????????????????????2????
???? 10???????????
2
6
2 > 53 ,  < 
2
30
< 0:35
???????????e
 1=
84
 0:009????????(E.2)????????? ( =
!c=T; V = eV=(2!c))??????????
Z !c=T
0
d

sinh 
cosh( eV
2T
) + cosh 
 

  log eV
2!c
+
2
6
2

<
3=2    2 log V + 1 + 2+ 22 e 1=+ e K + e1=
??? = 2T
eV
; K  ( eV
2!c
; 2!c eV
2!c
)??????K = eV
2!c
?????
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E.3 ??????????????
?????A2  1=3; 0 < y < 1????
0 < g(y)    log(1 + y) + log(1  y) + y2 < Ay4p
1  y2 (E.3)
???????????g(0) = 0; g0(y) = 2y
3
1  y2 ??????????????????
?????????
h(y)  Ay
4p
1  y2   g(y)
?????h(0) = 0???h0(y) > 0; (0 < y < 1)???????h0(x)??
h0(y) =
Ay3(4  3y2)
(1  y2)p1  y2   2y
3
1  y2
=
y3
(1  y2)p1  y2

A(4  3y2)  2
p
1  y2

??????0 < Y = y2 < 1?
A(4  3Y )  2p1  Y > 0 , A2(4  3Y )2   4(1  Y ) > 0
, A2(9Y 2   24Y + 4BY + 16  4B) > 0; (B  A 2)
??????A????????????? (E.3)??????
????????????? Y ???? 2??? Y = 0; 1?????????????
16  4B > 0; ; i:e:; B < 4
????Y ? 2????????? (12  2B)=9 > 0????(12  2B)=9 > 1??????
?????B  3????????????????????1=3  A2????
A
y4p
1  y2    log(1  y)  log(1 + y)  y
2; (0  y < 1)
??????
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? ?F k > 1????????
?????Harper???????????????????????? k < 1?????
k > 1??????????????????
  kt; e  kev()  v(
k
); eu()  u(
k
) (F.1)
? (4.5)?????????????????
ev( + e)  ev() =  1
k
e sin eu()eu( + e)  eu() = e sin ev( + e) (F.2)
???v() = ev( ); u() = eu( ) ?????
v( + e)  v() = 1
k
e sin u( + e)
u( + e)  u() =  e sin v() (F.3)
??????????? v; u??????? k > 1???? Harper?????????
?????? k < 1??????????????????????k > 1???????
?????????
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? ?G ???????Borel???
??
??????Appendix H???????????V01; U01??V 10; U10 ( = A;B)??
??????????????????????????????C[z][[z 1]]?????
(V A10(z); U
A
10(z))?(V B10 (z); UB10(z))??????????????
(eV A(p); eUA(p))?(eVB(p); eUB(p))?????(V A10(z); UA10(z))?(V B10 (z) z; UB10(z) (z+ 12))
?Borel??????????????????????
(e p   1)eVA(p) = eUA(p)  g(p) ;
(1  ep)eUA(p) = eVA(p)  f(p) ;
(e p   1)eVB(p) = eUB(p)  g(p) + 1
2
g(p) + g0(p) ;
(1  ep)eUB(p) = eVB(p)  f(p) + f 0(p) ; (G.1)
????f(p); g(p)??
B

eiV00(z)
z

= f(p); B

e iU00(z)
z

= g(p) :
???????????
eVA(p)  1X
n=0
AVn p
n; eUA(p)  1X
n=0
AUn p
n; AV0 =  1; AU0 = 1 ;
eVB(p)  1X
n=0
BUn p
n; eUB(p)  1X
n=0
BUn p
n; BV0 = 0; B
U
0 =
1
12
? (G.1)?????????????????an?bn????????????????
???
AV2n 1 = 0; (8n)
AV2n( 1)n(2)2n !  B4n ; (n!1)
AU2n 1( 1)n+1(2)2n 1 !  B5 ; (n!1)
AU2n( 1)n(2)2n !  B4n ; (n!1) (G.2)
BV2n 1 = 0; (8n)
BV2n( 1)n(2)2n ! B1(2n+ 2)(2n+ 1) B2n ; (n!1)
BU2n 1( 1)n+1(2)2n 1 !  B3n ; (n!1)
BU2n( 1)n(2)2n !  B1(2n+ 2)(2n+ 1) B2n : (n!1) ; (G.3)
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??????????B1 = 0:01480; B2 = 0:14; B3 = 0:186; B4 = 3:503; B5 = 5:551 ?
???????(eVA(p); eUA(p)) ?(eVB(p); eUB(p))?? eVA(p)eUA(p)

= i

23B4f
(R)
1 (p)
23B4f
(R)
1 (p)

; eVB(p)eUB(p)

= i

84B1f
(I)
2 (p) + 2
3B2f
(R)
1 (p)
 84B1f (I)2 (p) + 23B2f (R)1 (p)

+ 23iB3f
(I)
1 (p)

0
1

;
???????????????
 2ie2izResp=2i
 eVA(p)e pzeUA(p)e pz

= 23iB4z

1
1

;
 2ie2izResp=2i
 eVB(p)e pzeUB(p)e pz

= 84B1z
2

1
 1

+ 23iB2z

1
1

  23B3z

0
1

:
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? ?H 1????????Borel??
???
???????V01(z)? U01(z)???????????????V01(z)?U01(z)   ik 14
?Borel??? eV1(p)?eU1(p)????????????????
(e p   1)eV1(p) = ik   1
2
g0(p) + i
k   1
4
g(p) + eU1(p)  g(p) ;
(1  ep)eU1(p) = ik   1
2
f 0(p) + eV1(p)  f(p) : (H.1)
????eV1(p)?eU1(p)???????????
eV1(p) =  ikt1 + 1
24
+
1X
n=1
ecnpn ; eU1(p) = ik(t1 + 1)
24
+
1X
n=1
ednpn : (H.2)
(H.1)?(H.2)??? eV1(p); eU1(p) ???????????????????????
eV1(p) = kt1eVx(p) + (k   1)eVy(p) + eVz(p) ; eU1(p) = kt1 eUx(p) + (k   1)eUy(p) + eUz(p) ;
(H.3)
????eV(p)?eU(p) ( = x; y; z)? k???????(H.3)? (H.1)???????
(e p   1)eV(p) = eU(p)  g ;
(1  ep)eU(p) = eV(p)  f ;
( = x; z)
(e p   1)eVy(p) = eUy(p)  g + 1
4
g(p) +
1
2
g0(p) ;
(1  ep)eUy(p) = eVy(p)  f + 1
2
f 0(p) : (H.4)
?????(H.4)? (G.1)???????
eV1(p) = ikt1 + 1
24
eVA(p) + k   1
2
eVB(p) ;
eU1(p) = ikt1 + 1
24
UA(p) +
k   1
2
eUB(p) ; (H.5)
??????????? (5.66)?????
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? ?I ??????????
????????????????????????????????t = t1????
?????????????t = t1????????????????????????
?????????????????????????????????????????
?????????????????????????(v0n; u0n)?????? (5.28)??
?????(v0n; u0n)? t = t1? t = t1 ??????????????
v0i(t)
u0i(t)

=
1X
l=0

a
(i)
l (t  t1)l
b
(i)
l (t  t1)l

+
1X
l=0

a
(i)
l (t  t1)l
b
(i)
l (t  t1)l

: (i  1; b(i)0 6= 0)
?????????????????
1X
i=1
1
zi

a
(i)
0
b
(i)
0

+
1X
i=1
1ezi

a
(i)
0
b
(i)
0

(I.1)
????z?ez??ez = (t  t1)=?z = (t  t1)= ????
???????? 2??? 1?:
Vadd(z)
Uadd(z)

  
Z

dpe pz
1X
i=1
pi 1
(i  1)!

a
(i)
0
b
(i)
0

:
????????????????????????0? p??? ?????????
????????(I.1)?Reez < 0, Imez > 0??Reez > 0, Imez > 0??????????
??? t = t1???????????
 
Z
0
dpe pz˜
1X
i=1
pi 1
(i  1)!

a
(i)
0
b
(i)
0

=  
Z

dpe pz˜
1X
i=1
pi 1
(i  1)!

a
(i)
0
b
(i)
0

=  
Z

dpe pz˜

1X
i=1
pi 1
(i  1)!

a
(i)
0
b
(i)
0

=

Vadd(ez)
Uadd(ez)

;
????????xadd(t; )? t = t1??? (I.2)??????????????? 2??
xadd(t; ) ??????????t 2 R??????? xadd(t; )?????????
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